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EXECUTIVE SUMMARY 
The purpose of this Radiation Impact Assessment (RIA) was to assess the radiological impact of the waste materials 
(tailings) produced by the Iluka Eneabba Rare Earth Refinery (ERER), on members of the public and the 
environment to support a Referral of the Proposal to the EPA under Section 38 of the Environmental Protection Act 
1986.  The potential for radiation impacts from disposal of processed NORM waste has been assessed based on 
use of ERICA and RESRAD modelling for multiple (six) exposure scenarios for human and environmental protection.  
Management of inherent risks to individuals, where identified, is to be done under the guidance of regulatory 
approved plans for radiation management (RMP), radiation waste management (RWMP), and mine closure (MCP). 

HUMAN HEALTH 

Occupational Health 
This RIA addressed the impact of human health for people working at the refinery Tailings Storage Facilities (TSFs) 
during operations and rehabilitation.  The RIA did not fully address the impact to workers within the refinery which 
is covered within the Radiation Management Plan (RMP).  In both scenarios modelled, the exposure to workers in 
the refinery TSFs were below the occupational effective dose limit of 20 mSv/year - these being 3.28 mSv/y (16% 
of limit) for the operational phase and 7.46 mSv/y (37% of limit) during the active rehabilitation phase (limited 
duration).  Most of the dose received by workers will be external gamma radiation due to physical unshielded 
proximity with very little dose received from inhalation of radon, inhalation of contaminated dust or ingestion of soils.   

Operational Public Health 
The risk to public health during the period of Proposal operations is significantly limited by the exclusion of access 
to the ERER for members of the public where the primary risk is from gamma exposure as outlined for occupational 
exposure.  Additional offsite potential for impacts to members of the public (dust exposure and vehicles leaving site) 
were assessed and found to be well below the dose limit of 1 mSv/y.  
 
Doses from ingestion of bush tucker from near the Proposals TSFs during the operational phase based on the 
highest activity Wimmera tailings were calculated as a highly conservative estimate of potential exposure pathway. 
In reality, members of the public having access for gathering bush tucker close to the TSF during the operational 
phase, is very unlikely due to long standing barriers to prevent public access. The assessed maximum conservative 
dose was 0.96 mSv/y (93% of dose limit). Levels from post closure consumption (a more realistic scenario), will be 
significantly lower (several orders of magnitude) due to distance from public receptors and shielding provided by 
TSF covers.   

Public Health Post Closure 
Native vegetation is considered to be the likely final land use for the TSF facilities per area zoning. The current 
modelling approach, methods, and conclusions, however, align with standard practice. Additional modelling 
scenarios have been included, although not necessarily applicable or realistic in some instances.  
 
Four potential pathways and post closure settings were modelled for potential public health impacts following the 
closure and rehabilitation of the ERER as per the RWMP and MCP: 

• Post closure Native Vegetation - Return of the TSF surface to native vegetation with occasional access for 
land management e.g. weed control or fire management. This is the most likely post-closure scenario. 

• Post Closure Groundwater consumption - Members of the public consuming groundwater 1 km down 
hydraulic gradient from the TSF with liner systems constantly leaking (i.e. groundwater pathway leading to 
contaminated drinking water included). 
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• Post closure Residential Farmer - Farm dwelling (95% occupancy) directly on surface of the TSF. Due to 
institutional controls, this is an unlikely scenario. 

• Post Closure Intrusion (post institutional control) - Construction of a farm dam (for water storage) directly into 
the TSF surface attended by a nearby resident farmer 10% of the time. Due to obvious and physically limiting 
intrusion controls in the TSF cover, this is an unlikely scenario. 

 
Returning the TSF surface and surrounding area to native vegetation is the most likely post-closure scenario. The 
maximum yearly dose for the land managers accessing this land is below 0.001 mSv/y for all tailings disposed in 
the facility.  These dose rates are well below the Public Effective Dose Limit of 1 mSv/y and present a very low risk 
to public health for this scenario. 
 
Post-closure off-site groundwater consumption is a potentially likely scenario. Modelling was conducted on a very 
conservative high level basis of consistently leaking facility (considered to be highly unlikely given the proposed 
double liner system, clay base and depth of cover being insufficient for net permeation). Under this scenario for 
continual contamination the groundwater, the maximum yearly dose for members of the public 1 km down-gradient 
of the TSF facility was still 0.2 mSv/y or below for all tailings disposed in the facility with this maximum some 20,000 
years post closure. These dose rates are well below the Public Effective Dose Limit of 1 mSv/y and present a very 
low risk to public health even for this scenario. Considering that the actual closest human receptors are based at 
Eneabba town, approximately 5.5 km away from the TSFs, and at a location across-gradient of ground water flow, 
it is not foreseen that potential groundwater contamination would influence Eneabba town, even if the liner system 
is constantly leaking. During the institutional control period, a memorial on title could also be placed under the 
Contaminated Sites Act 2003, to prevent groundwater extraction as administrative control. 
 
A scenario modelled was for a resident farmer living in a dwelling located on top of the TSF. Modelling indicated 
dose levels (from radon) were below the Public Effective Dose Limit of 1mSv/y for the farmer and present low risk 
to public (residential farmer) health. Due to long term institutional controls this is a highly unlikely scenario. 
 
A final scenario modelled was for instruction into the capped post closure tailings for construction of a farm dam. 
Modelling indicated a maximum yearly dose to members of the public up to 5.4 mSv/y for Wimmera waste. This is 
a highly unlikely scenario due to long term institutional controls, in addition to multiple layers within the TSF cover 
including drainage layers, intrusion prevention layers, liners and geotextiles. Excavating through these layers may 
make it more difficult depending on machinery used and there would be visible signs of previous tailings burial. 
Additionally, water quality within the dam would be poor due to gypsum content. 

ENVIRONMENTAL IMPACT 
The objective of the environmental assessment is to ensure maintenance of robust fauna populations in the area.  
This involves demonstrating that radiation exposures are of no regulatory concern in relation to the maintenance of 
biological diversity, conservation of species, or on the health of natural ecosystems (ARPANSA 2015).  Current 
modelling completed is based on exposures during both the operations and rehabilitation phase where the waste 
material is directly exposed and potential for radiation exposure is highest. 
 
The modelling illustrated that dose rates for reptiles and burrowing mammals were within the range where 
physiological effects for individuals may be noted, and therefore some impacts may occur for individual reptiles or 
(less likely due to the deterrent of operations) burrowing mammals if exposed to tailings during operations and 
rehabilitation at their respective occupancies.  However, as the populations of these species are known to be present 
in areas adjacent to the Eneabba mine site and regionally, the impact to local and regional populations is considered 
insignificant. 
 
The modelling of all other terrestrial and aquatic fauna species residing or likely to reside in the Eneabba area 
identified dose rates either below the initial screening limit of 10 µGy/h or below the environmental reference limits 
(ERL).  The impact to fauna in the Eneabba area is considered insignificant.  
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Water held on the TSFs during operation would not provide sufficient breeding or foraging habitat, including 
establishment of vascular plants to support a resident bird population due to the lack of food source, salinity and 
elevated sulphate. It is assumed aquatic birds would only use the facility as a temporary resting area.   
 
The modelling indicates that aquatic flora will not receive a dose exceeding the screening limit of 10 µGy/h, except 
for zooplankton. However, this relates to a population that does not currently exist and would cease to exist at 
closure. Colonisation within the TSF during operations is very unlikely to occur due to the unfavourable conditions 
within the TSF. Overall, the impact to aquatic flora is considered insignificant. 
 
Levels for post-closure terrestrial exposure potential are significantly lower than during operations and were 
approximately 1,000-fold below an equivalent dose based on human exposure calculations and radioactivity 
shielding provided by the TSF cover. 
 
A qualitative risk assessment, based on the results of exposure assessment and dose rate estimates, indicated the 
risk associated with all potential ecological impacts of tailings storage are as low as reasonably achievable (ALARA) 
with existing management approaches. On the basis of these findings, the storage of tailings with elevated 
radionuclide activity concentrations appears feasible without causing significant ecological impacts. This 
assessment is contingent on the assumption that appropriate management actions will be implemented. 
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1. BACKGROUND AND PURPOSE 
Iluka Resources Limited (Iluka) is an international mineral sands company with expertise in exploration, 
development, mining, processing, marketing and rehabilitation.  Iluka and its predecessor companies have, since 
the 1970s, mined mineral sands in the area. Iluka's Eneabba Mineral Sands Mine is located in the Shire of 
Carnamah, approximately 8 km south-east of Eneabba and 3km east of the Brand Highway, in the Mid-West of 
Western Australia (Figure 1). 
 
Iluka has been stockpiling monazite based by-products from the Narngulu Mineral Separation Plant (MSP) at 
Eneabba for almost 30 years.  The by-product stockpile has been characterised as an ore reserve of 1.0 million 
tonne grading 83.5% Heavy Mineral (HM) in which 30% is the rare-earth (RE) bearing mineral monazite.  This 
material is a naturally occurring radioactive material (NORM) currently stored in the mined-out pit (Monazite Pit) at 
the Eneabba mine site.  
 
The Eneabba Rare Earth Refinery ERER Proposal aims to construct a processing facility to upgrade the monazite 
concentrate stream (Eneabba Phase 2 project product) into individual rare earth oxides and carbonates.  The 
monazite feed and the waste refinery products contain concentrations of NORM which warrant radioactive 
classification. Existing disturbed areas within the site footprint will be used for disposal of solid waste. Various TSFs 
intend to be constructed over the operational life including Yellow Dam, former Yellow Dam South, former North 
Monazite Pit and the Monazite Pit.  Noting that removal of monazite from the Monazite Pit will then create a void for 
the TSF.  The solid waste will contain low levels of technologically enhanced NORM (TENORM) which is diluted 
relative to the feed material due to neutralisation reagents.  The tailings produced by the Proposal will contain 
approximately 350 ppm uranium and approximately 9,200 ppm thorium with individual activity concentrations in the 
tailings are up to 82 Bq/g based on Wimmera feedstock and 37 Bq/g for Eneabba feedstock - it should be noted the 
material is shifted from secular equilibrium by the processing. 
 
The purpose of this Radiation Impact Assessment (RIA) is to assess the radiological impact of the solid waste 
(tailings) materials produced by the ERER on members of the public and the environment to support a Referral of 
the Proposal to the EPA under Section 38 of the Environmental Protection Act 1986.   
 
While some aspects of occupational radiation are discussed in this RIA, the primary reference for occupational dose 
assessment and management will be addressed in the associated combined ERER Radiation Management Plan 
and Radiation Waste Management Plan (ILUKA 2021c).  This will be assessed by the Radiological Council of West 
Australia (RCWA), approved and implemented prior to commencement of the Proposal.  Full details of procedures 
and controls for radiation waste management during operations and post-closure will be detailed in the ERER 
combined Radiation Waste Management Plan (RWMP) and Radiation Management Plan. 
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2. RADIATION PROTECTION OVERVIEW 
A brief overview of key aspects of radiation and radiation protection are provided below to provide context for the 
radiation impact assessment. 

2.1 RADIATION OVERVIEW 
All matter is comprised of atoms consisting of protons, neutrons and electrons.  In natural processes, some atoms 
are unstable as they contain excess energy that they will seek to release.  These atoms (identified as particular 
isotopes) will pursue a lower energy state by emitting radiation (called radioactive transformation or decay) in the 
form of alpha particles, beta particles or gamma rays.  The radioactivity associated with each radioactive isotope is 
classified by the rate at which decay occurs (measured as the 'half-life' to 50% decay) and the type of radiation 
(alpha, beta or gamma) emitted.  
 
When an isotope undergoes radioactive decay, it changes into either a new element or a different isotope of the 
same element (same number of protons but a differing number of neutrons in the atomic nucleus), which is known 
as a decay product.  The process of radioactive decay will continue until a stable and non-radioactive isotope is 
formed. The individual decay products are known as radionuclides and the sequence of radioactive decay 
constitutes the decay chain.  
 
The primary natural decay chains of relevance to mining and mineral processing are 238U and 232Th.  Appendix 1 
shows the respective decay chains including the stages of decay, types of radiation emitted and the half-lives of 
each radioisotope. 
 
Secular equilibrium is the term used when the activity of a radioactive isotope is equal to its parent. Secular 
equilibrium can be disrupted when an intermediary isotope is removed from the system. This can occur naturally 
(i.e. Radon is released from soil where its parent isotopes are confined), or by human activities (i.e. through chemical 
processing).  
 
Due to the nature of the processing within the ERER, secular equilibrium of the decay chains will be disrupted. This 
may alter the overall activity of the material. 

2.2 RADIATION EXPOSURE TYPES 
Three main types of radiation associated with mining and mineral processing are alpha (α) beta (β) and gamma (γ) 
radiation. 
 
Alpha Radiation 
Alpha particles consist of a helium nucleus (two protons and two neutrons).  They are slow and heavy, but highly 
ionising compared to other forms of nuclear radiation.  They are low energy and are unable to penetrate far through 
matter.  Alpha particles are stopped by only a few centimetres of air or sheet of paper.  
 
Because alpha particles cannot penetrate the skin, alpha-radiation is only considered a hazard if its source is located 
inside the body, highlighting an internal radiation risk.  In mining and mineral processing, the main way in which the 
source can get into the body is when it is breathed in as dust (inhalation).  Small amounts may be taken in through 
the mouth (ingestion), but this material is typically disposed from the body by excretion. 
 
Inhalation of dust containing alpha-emitters, may expose the lungs to alpha-radiation.  Other sources of internal 
alpha-radiation within the body are decay products of radon (222Rn) and thoron (220Rn), radioactive gases in the 
decay chains of uranium and thorium. 
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Beta Radiation 
Beta particles are high-speed, high-energy electrons or positrons.  They are fast and light, compared to alpha 
particles.  They are less ionising compared to alpha particles but can penetrate further (millimetres) through skin or 
tissue. 
 
Beta-radiation mainly affects skin and the tissue that lies immediately underneath the skin causing burns similar to 
severe sunburn.  If beta-emitting radionuclides are inhaled or ingested they can also do damage to internal cells 
and organs, similarly to alpha-emitters. 
 
Gamma Radiation 
Gamma radiation is a form of electromagnetic radiation (EMR) consisting of photons (massless) travelling in a wave 
like pattern at the speed of light.  Gamma radiation is high energy allowing it to easily pass through many materials 
including human skin and tissue.  However, gamma radiation is less ionising than alpha particles. 
 
Sources of gamma-radiation could cause radiation damage without residing within the body.  A person located near 
any radioactive material, which emits gamma-radiation, will be subject to radiation dose.  Gamma radiation affects 
skin, deep tissue and organs depending on the dose received.  Beta and gamma radiation both present an external 
radiation risk. 

2.3 BACKGROUND RADIATION 
Naturally occurring background radiation is the ionising radiation within the environment that people are continuously 
exposed to.  It is the main source of exposure for most people.  Sources of naturally occurring background radiation 
include rocks, soil, food, and from space.  
 
The two main radioactive elements are uranium and thorium which occur naturally in minerals across the planet.  
Trace uranium and thorium and their decay products can be found all over the world.  Radon is a naturally occurring 
radioactive gas from the decay of uranium and thorium naturally present in rocks and soils.  Because radon is 
chemically inert, it does not undergo chemical reaction and easily escapes from the ground.  When the gas is 
inhaled, the lungs are directly exposed to the radiation. 
 
Cosmic radiation from space also contributes to the background radiation around us.  Cosmic radiation comes from 
extremely energetic particles from the sun, stars and other celestial bodies that enter Earth’s atmosphere.  Some 
particles make it to the ground, while others interact with the atmosphere.  Radiation levels increase as you get 
closer to the source, so the amount of cosmic radiation generally increases with elevation.  The higher the altitude, 
the higher the dose (EPA 2021). 
 
In Australia, on average a human receives around 1.5 mSv of radiation exposure per year from natural sources, 
whereas the average global dose ranges from 1 to 13 mSv per year, depending on the geographic location 
(ARPSANA 2021). 

2.4 RADIATION PROTECTION REGULATORY FRAMEWORK 
Radiation protection is generally legislated at State level through adoption of publications from National and 
international organisations who specialise in radiation protection. 
 
Radiation protection is administered through adherence to the As Low As Reasonably Achievable (ALARA) principle 
which requires radiation doses be maintained “as low as reasonably achievable” with consideration of social and 
economic factors. 
 
The framework of radiation protection as relevant to Western Australia is presented in Figure 2. 
 



ILUKA RESOURCES LIMITED  ENEABBA MINERAL SANDS 
   EP3 RADIATION IMPACT ASSESSMENT 

 5 

 

Figure 2:  Radiat ion Protect ion Framework In  Western Austral ia 

2.4.1 International Organisations 
Ionising radiation has been studied for over 100 years.  The international organisations that oversee radiation 
protection and provide safety guidance material are: 

• United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR): UNSCEAR 
collects, evaluates, and provides summaries of research into the effects of radiation on human beings and 
the environment.  The publications are regarded as the most comprehensive source of scientific information 
for radiation protection. 

• International Commission on Radiological Protection (ICRP): ICRP provides guidance on matters of 
radiological protection concerning ionising radiation by developing and publishing radiological protection 
recommendations and guidelines. 

• International Atomic Energy Agency (IAEA): IAEA publishes targeted safety standards and codes of 
practice for the safe use and handling of NORM and other ionising radiation sources within industries such 
as mining and mineral processing. 

2.4.2 Australian Organisations 
The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) is the National authority on radiation 
protection, noting that it only possess direct jurisdiction over Commonwealth entities.   
 
The Radiation Health Committee (RHC) is a branch of ARPANSA which prepares National policies, codes of practice 
and standards for adoption by States and Territories based on IAEA and ICRP publications.   
 
Radiation protection in Australia is regulated at a State and Territory level, with the Radiological Council (RCWA) 
and Department of Mines, Industry, Regulation and Safety (DMIRS) the regulating organisations for Western 
Australia. 
 
The primary publications relating to radiation protection for the mining or mineral processing of radioactive materials 
are the Radiation Protection Series from ARPANSA: 
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• RPS C-1 (Rev. 1) Code for Radiation Protection in Planned Exposure Situations (2020):  This Sets out 
the requirements in Australia for the protection of occupationally exposed persons, the public and the 
environment in planned exposure situations. 

• RPS C-2 (Rev. 1) Code for the Safe Transport of Radioactive Material (2019): This establishes uniform 
requirements for the transport of radioactive material in Australia by road, rail, and those waterways not 
covered by Maritime legislation. 

• RPS C-3 (2018) Code for Disposal Facilities for Solid Radioactive Waste (2018): This sets out the 
objectives for protection of human health and of the environment, drawing upon international best practice in 
relation to radiation protection and radioactive waste safety for the closure of a disposal waste facility. 

• RPS 9 Code of Practice and Safety Guide for Radiation Protection and Radioactive Waste 
Management in Mining and Mineral Processing (2005): This establishes requirements for radiation 
protection in mining and mineral processing industries and for protection of human health and the 
environment from the effects of radioactive waste from mining and mineral processing. 

2.4.3 Western Australian Organisations 
The Government of Western Australia Radiological Council (RCWA) is the Western Australian authority on radiation 
protection.  The Radiological Council is an independent statutory authority appointed under the Radiation Safety 
Act.  Radiation safety for mining operations in Western Australia is co-regulated through DMIRS and the Radiological 
Council. 
 
Legislative articles from the Radiological Council WA include: 

• Radiation Safety Act 1975 (RSA). 

• Radiation Safety (General) Regulations 1983. 

• Radiation Safety (Qualifications) Regulations 1980. 

• Radiation Safety (Transport of Radioactive Substances) Regulations 2002. 
 
The regulation of radiation safety in mining in Western Australia is based on National standards and is addressed 
under the Mines, Safety and Inspection Regulations 1995.  The regulations cover the mining and processing of 
radioactive material, the use and storage of radiation sources, requirements to protect workers and the public, and 
radioactive waste management. 
 
Legislative articles from DMIRS include: 

• Mines Safety and Inspection Act 1994 

• Mines Safety and Inspection Regulations 1995 
 
RCWA is primarily focussed on protecting members of the general public from exposure to harmful radiation levels, 
this includes from medical and industrial processes, and from the transport of radioactive material. RCWA also 
regulate radioactive waste.  
 
DMIRS primary focus is on the mining and processing of radioactive ores on mine sites, and the associated exposure 
of workers at the mining operations and controlling potential exposure to members of the public associated with the 
mining process. 
 
A memorandum of understanding exists between the RCWA and DMIRS in relation to their responsibilities and 
which agency is leading in specific activities as the associated legislations cross over in the control of activities 
associated with mining and processing of radioactive materials.   



ILUKA RESOURCES LIMITED  ENEABBA MINERAL SANDS 
   EP3 RADIATION IMPACT ASSESSMENT 

 7 

2.4.4 Human Health Assessment Levels 
While the ALARA principle guides the approach to maintaining radiation protection, radiation dose limits established 
in IAEA (2014) and adopted in Western Australia provide structural protection from radiation exposures.   
 
The dose limits stated below apply to the sum of all radiation exposure pathways and do not take background 
radiation into consideration.  The IAEA dose limits have been adopted under the RS Act which are: 
 
Members of the public: 

• Maximum effective dose of 1 mSv per year averaged over 5 years. 

• Maximum effective dose of 5 mSv per year in one year. 

• Maximum effective dose of 20 µSv in 1 hour - In respect to an area which such persons might continuously 
occupy. 

• Maximum effective dose of 250 µSv within a 7-day period - In respect to an area which such persons might 
continuously occupy. 

 
Radiation workers: 

• Maximum effective dose of 20 mSv per year averaged over 5 years. 

• Maximum effective dose of 50 mSv in any one year or part thereof. 
 
DMIRS published NORM Guidelines 2010 are a series of explanatory documents outlining best practice and 
regulatory compliance for WA mining operations that involve NORM.  It is understood that DMIRS is planning to 
publish an updated NORM-V Guideline in 2021 that will supersede NORM-5.  Guidance from the NORM Guidelines 
has been used in the preparation of this radiation impact assessment. 

2.5 RADIOACTIVE MATERIAL CLASSIFICATION 
The primary guidance for classification of radioactive material is given in ARPANSA RPS 9 (ARPANSA 2005), which 
adopts recommendations set out in IAEA Safety Standards Series No. RS G-1.7 (Application of the Concepts of 
Exclusion, Exemption and Clearance).  The assessment provided in RPS 9 states levels for NORM below 1 Bq/g 
head-of-chain activity for the uranium and thorium decay chains in secular equilibrium are considered 'inherently 
safe' under any exposure scenario as they are unable to generate a dose of more than 1 mSv/year and are therefore 
exempt from regulation.  One Bq/g is one decay/disintegration per second per gram of material. 
 
The classification also applies for the combined activity if both decay chains are present.  For the purpose of this 
radiation impact assessment, a material is considered radioactive if the sum of uranium (238U) and thorium (232Th) 
head-of-chain exceeds 1 Bq/g. However, this classification is only relevant if the decay chains are in secular 
equilibrium. 
 
Classification of radioactive wastes is given in ARPANSA RPS G-4: Guide for Classification of Radioactive Waste 
(ARPANSA 2020).  There are six classes of wastes with different levels of containment and isolation required to 
provide protection and safety from the material. 
 
The general classifications and management requirements are outlined in Table 1 and a conceptual model of the 
waste classification scheme is shown in Figure 3. 
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Table 1:  Classi f icat ion of  Radioact ive Waste Mater ials  

Classification Definition Management 

Exemption Waste 
(EW) 

Waste containing low concentrations of 
radionuclides. 

Disposed in conventional landfill 
facilities. 

Very Short-Lived Waste 
(VSLW) 

Waste containing radionuclides with a very 
short half-life with activity levels higher than 
for exempt waste. 

Can be stockpiled until it classifies 
as EW, then may be disposed in 
conventional landfill facilities. 

Very Low-Level Waste 
(VLLW) 

Waste containing mostly radionuclides with 
short half-lives and low activity 
concentrations.  Small amounts of long-
lives radionuclides may be present. 

Disposal in near surface landfill 
facilities.  Requires moderate level 
of containment and isolation. 

Low-Level Waste 
(LLW) 

Waste containing mostly short-lived 
radionuclides and limited amounts of long-
lived radionuclides.  Activity concentrations 
are low. 

Disposal in engineered near surface 
landfill facilities.  Must be robust 
isolation and containment for up to 
a few hundred years. 

Intermediate-Level 
Waste 
(ILW) 

Waste containing long-lived radionuclides, 
but unlikely to generate significant heat by 
the radioactive decay process. 

Disposal at depths of tens to a few 
hundred metres. 

High-Level Waste 
(HLW) 

Waste containing large amounts of long-
lived radionuclides and an activity 
concentration high enough to generate 
significant amount of heat by the 
radioactive decay process. 

Disposal in stable geological 
formations at depths of several 
hundred metres. 
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Conceptual illustration of waste classification (ARPANSA 2020 RPS G-4: Guide for classification of radioactive waste) 

Figure 3:  Waste Classi f icat ion Scheme 
 
The boundaries between the classes should be viewed as transition zones whose precise determination will depend 
on the particular situation. Judgement needs to be applied to ensure rigour as well as simplicity, flexibility and broad 
applicability of the scheme, recognising that primary consideration should be given to long term safety.  The waste 
should be classified according to the degree of containment and isolation required, with consideration given to the 
hazard of different types of waste, and to the magnitude and likelihood of exposures of people and the environment 
to radiation (ARPANSA 2020). 
 
The tailings from the refinery have been characterised and based on the results, they fit the categorisation of Very 
Low-Level Waste (ILUKA 2021b). The design and construction of the EP3 TSF (Section 3.5) has been based on 
higher risk "Low Level Waste" containment. 
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3. PROJECT OVERVIEW 
Iluka Resources (Iluka) and its predecessor companies have, since about the 1970s, carried out mineral sands 
mining at Eneabba, approximately 300 km north of Perth and 150 km south of Geraldton as shown in Figure 1.  
Mining and rehabilitation activities have occurred on the area of Mining Lease 267SA, granted under the Mineral 
Sands (Eneabba) Agreement 1975 (WA) (State Agreement). 
 
Iluka has been transporting a ‘by-product’ from its Mineral Separation Plant (MSP) processing facilities at Narngulu 
(10km from Geraldton) to Eneabba since the early 1990s.  The MSP by-product, comprised of about 20% rare earth 
minerals (primarily monazite), has been stored in the Eneabba Monazite Pit (EMP) since 1994.  
 
When in full operations, the Eneabba mine site had the capacity to process around 18 million tonnes of ore per 
annum.  Mining operations at the Eneabba West Mine and South Mine ceased in 1999 and 2009 respectively.  
Mining in the North Mine ceased in 2013.  No mining or processing occurred again until 2020 with the commissioning 
of the Eneabba Mineral Sands Recovery Project (EMSRP).  
 
Iluka has been developing the EMSRP in three stages; the current assessment relates to the third and final stage 
(ERER) as follows: 
1. The Eneabba Phase 1 (EP1) project (Screening) was initiated to recover the ore, undertake an initial cleaning 

and upgrading process to produce a mineral sands concentrate with approximately 20% monazite content 
for sale to an off-shore toll-processing facility.  EP1 project has been commissioned and is currently in 
operation since 2020. 

2. The Eneabba Mineral Sands Recovery Phase Two (EP2) project (Concentrating) is to upgrade the 
concentrate from EP1 to produce (80% of production), a heavy mineral concentrate (HMC) containing zircon 
and ilmenite which will be transported to Narngulu for refinement/upgrading.  The remaining 20% will be a 
monazite concentrate containing approximately 90% monazite that will be a suitable feed for the ERER.  
Regulatory approval for EP2 under Part V of the EP Act was granted in April 2021. 

3. The ERER project (Refining) involves further downstream processing of the monazite concentrate produced 
by EP2.  This will involve construction and operation of the refinery to process the monazite concentrate from 
EP2 to produce rare earth oxides and carbonates.  The refinery will also receive third party feed sources and 
in future, rare earth mineral concentrate from Iluka's Wimmera deposit in Victoria and other sources within 
Australia.  These additional sources will blend with the Eneabba monazite concentrate.  The refinery is 
expected to have a throughput of 55,000 tonnes per annum and produce approximately 17,000 tonnes per 
annum of rare earth products. 

 
The refinery will be located within Mining Lease 267SA, within the current eastern Eneabba Mineral Sand Mine site, 
adjacent to the EMP, approximately 7 km south of the town of Eneabba and the northern-most TSF is approximately 
5.5km south of the town of Eneabba.  
 
The final RE products are likely to be packaged into small bags and transported by road train within sealed sea 
containers for export. 

3.1 SITE DESCRIPTION 
The Eneabba town is located approximately 8 km south-east of the site with a population of approximately 150 
residents. The Eneabba workforce is estimated to be approximately 30 people during operations.  
 
The development envelope consists entirely of cleared or rehabilitated land that has previously undergone 
disturbance for mining activities. Remnant vegetation forms less than 2% of the development envelope. The 
rehabilitated land includes areas to be returned to agriculture use and areas returned to native ecosystems. 
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There are 10 conservation significant fauna species identified as having the potential to be present within the 
development envelope or surrounds. The Carnaby's Cockatoo is the only one of these species which has previously 
been recorded within the development envelope. The Black-striped snake and Woolybush Bee have the potential 
to visit the development envelop or surrounds due to records of their presence within 30 km of the site. There is also 
potential for the presence of the Western Brush Wallaby as the area is within the species known range. The other 
conservation significant species are unlikely to occur. 
 
The current monazite pit is located on the eastern boundary of the Proposals Development Envelope.  ERER 
development is to include a number of proposed TSFs whish will fill existing mine voids and a proposed refinery to 
be located directly west of the monazite pit.  Figure 4 shows the proposed site layout. 
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3.2 RARE EARTHS REFINERY 
Rare earth (RE) elements are a set of 15 lanthanide elements and Yttrium, which have become critical enablers of 
modern technologies.  Rare earth elements are relatively common in nature, but often in low concentrations, making 
extraction and processing uneconomic.  The 15 rare earth elements are arbitrarily classified as light or heavy rare 
earths based on their atomic mass and electron configurations.  Rare earth elements are used in small but necessary 
amounts in hundreds of different technologies, materials and chemicals (permanent magnets, electric vehicles and 
renewable energy technologies).  The proposed ERER includes rare earth cracking, leaching and purification. 
 
Up to 5.4 hectares of previously disturbed and revegetated land will be cleared to accommodate the refinery and 
solid waste storage facilities (TSFs).  Current and former mine voids will be utilised for tailings storage such that no 
remnant native vegetation clearing is required.  The refinery is expected to have a throughput of up to 55,000 tonnes 
per annum (tpa) to produce ~17,000 tpa of rare earth products.    
 
Water will be supplied from existing production bores located within the Eneabba mine site.  Up to 2 GL per annum 
will be extracted utilising existing allocations under Iluka's Ground Water Licences GWL104700 and GWL104709 
which provide up to 11 GL of water annually. 
 
Electricity and gas will be supplied via the existing Western Power network and gas pipelines located within the 
Eneabba mine site. 
 
With the construction of ERER relative to the already approved EP2, the new potential sources of radiation impacts 
include the ERER TSFs and the Kiln Off-gas treatment system which includes a stack. 

3.3 PROCESS DESCRIPTION 
The refinery will produce rare earth carbonates and rare earth oxides as outlined in Figure 5.  The blended feed 
processing will comprise concentrate milling, sulphation roast, leaching, residue washing, impurity removal, 
separation through solvent extraction, product precipitation, filtration drying or calcination, then bagging.  
 
The refining process involves the following five main steps: 
 
Feed Preparation 
Concentrate from the Eneabba Phase 2 plant will be directly fed into the wet grinding mill containing sulphuric acid.  
Third party concentrate will be fed via rotating containers into a sealed hopper and combined with the Eneabba 
Phase 2 concentrate and then gravity fed into the kiln.   
 
Roasting  
The combined sulphuric acid concentrate will be heated to 270°C.  The resulting calcine from the kiln is then 
dissolved in water.  
 
Off Gas Treatment  
Acid recovery and off-gas cleaner including:  

• Roasting Kiln Off Gas Treatment System consisting of a Venturi Scrubber, Entrainment Separator, Quench 
Vessel, Spray Tower Scrubber, Wet Electrostatic Precipitator, Fibre Bed Mist Eliminator and acid recovery 
tanks, with discharge via stack.  

• Baghouse filter systems to remove entrained particulates in calciner circuit, including:  
 Dedicated system installed for each process train.  
 Multi-compartment bag house filter to capture fine particulates.  
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Purification  
Impurities are precipitated and removed from the solution by neutralisation with magnesia and ferric sulphate.  The 
precipitate is the main solid waste stream, consisting of sulphates (mainly calcium) and phosphates (mainly iron).  
 
Separation  
Individual Rare Earth Elements are separated, changed from sulphate to nitrate by the addition of nitric acid and 
ammonia, using solvent extraction technology (kerosene as the solvent).  
 
Product Finishing  
Separated Rare Earth Element products are precipitated from each stream, and in the case of the high value 
products, these are heated and converted into oxides. The final products from the ERER are packaged in plastic 
lined bags and sealed. The bagged product will be stacked on pallets, wrapped and loaded into Sea Containers for 
transport.  
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Figure 5:  Eneabba Rare Earth Ref inery Process 
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3.4 RADIOLOGICAL CHARACTERISATION OF WASTE MATERIAL 
Characterisation of the waste streams for the refinery was completed by ANSTO in April 2021 (Appendix 2).  Further 
characterisation of the Eneabba material is currently in progress by ANSTO.  Characterisation of earlier Wimmera 
waste streams, following the Wimmera process, were completed by ANSTO in February 2020. Eneabba Rare Earth 
Refinery Indicative Waste Classification was completed by Iluka in August 2021 and is in Appendix 3. 
 
The activity concentrations in the Eneabba feed and Eneabba neutralised waste streams are shown in Table 2.  The 
waste (tailings) will be disposed of as a slurry.  Results are expressed in Bq per gram for tailings solids or Bq per L 
for supernatant liquor.  Although secular equilibrium has been disrupted, thorium remains barely detectable in the 
liquor due to formation of insoluble thorium pyrophosphate.  Radium solubility (highest detectable radionuclide 
concentrations) is limited by the presence of high sulphate concentrations. 

Table 2:  Radionucl ide Concentrat ions for Eneabba EP3 Waste Stream ( I luka 
2021b)  

Nuclide 

Eneabba 
Feed1 

(EP2 Product) 

Eneabba Neutralised Waste2 Eneabba and 
Wimmera Waste Solid Liquor Evaporate 

Bq/g Bq/g Bq/L Bq/g Bq/g 

U-238 Decay Chain 
U-238 31 2.4 <0.002 <0.12 4.1 
Th-230 31 4.93 <0.003 <0.15 12.9 
Ra-226 31 3.4 0.0047 0.23 7.2 
Pb-210 29 4.54 <0.0003 <0.02 9.6 
Po-210 32 4.6 - - 6.2 
U-235 Decay Chain 
U-235 1.4 0.11 <0.0004 <0.018 0.2 
Pa-231 1.5 <0.81 <0.001 <0.051 0.9 
Ac-227 1.5 <0.29 <0.0002 <0.008 0.2 
Th-227 1.5 <0.29 <0.0002 <0.008 0.35 
Th-232 Decay Chain 
Th-232 230 37 0.002 0.08 59.2 
Ra-228 230 33 0.055 2.7 53.1 
Th-228 230 37 0.002 0.083 61.4 
K-40 <0.29 <0.30 <0.001 <0.04 0.35 

Total 2,741 407 0.2 7.4  
1  Eneabba Feed results measured as the "Leach Feed" measured as part of the ANSTO Waste Treatment for Eneabba 

Project Study, April 2014. 
2  ERER Neutralised waste results measured as part of the ANSTO Waste Treatment for Eneabba Project Study, April 

2021. 
3  Th-230 calculated from ratio of Th-232 to Th-230 in the feed and Th-230 in the residue. 
4  Pb-210 calculated from ratio of elementary Pb to Pb-210 in the feed and Pb in the residue. 
5 Value adopted from Eneabba Monazite residue as no value for Wimmera available. 
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3.5 ERER WASTE FACILITY (TSF) DESIGN 
The design of the ERER waste facilities (TSFs) is still subject to further works and refinement including geotechnical 
and further geochemical investigation.  Figure 6 provides the conceptual cover and base liner design (Wood 2021) 
for the TSFs, which includes the TSFs being below ground, with a compacted clay base, double HDPE liners with 
leak detection and underdrainage abstraction of fluids for return to the refinery.  TSF cover depth will vary between 
4 and 9 m with an average of 6 m depth, and would constitute multiple layers, including a liner; intrusion prevention 
layer, drainage layer for watershed from the facility; subsoil fill material layers and growth medium or topsoil.  
 
The conceptual TSF design would be suitable for LLW (engineered near surface disposal), even though the waste 
is classified as being VLLW.  The radionuclides responsible for the activity of the waste material are also largely 
insoluble (Table 2 Liquor).   
 
Monitoring bores are proposed to be installed downgradient of the TSFs for monitoring during operations and for a 
suitable period post closure.  The Eneabba townsite, approximately 5.5 km away from the most northern proposed 
TSF and is at a location trans-gradient to groundwater flow.  The base of the proposed TSF sits above the 
groundwater table and conceptual design also allows for a combination water shedding and store and release cover 
which would result in no net permeation from rainfall following closure.  On this basis, the focus of this assessment 
has been on risk from proximity or interaction with the tailings solid or the radon emitted from it rather than risk to 
groundwater. 
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Figure 6:  Conceptual  Cover and Base Liner  Design for EP3 TSF ( I luka)  
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4. RADIOLOGICAL ASSESSMENT METHODS 
The purpose of this assessment is to evaluate the risk to human health and the environment, now and in the future, 
as a result of exposure to radioactive material within the TSFs containing residue from the Eneabba refinery.  
 
The approach is to use two radiation modelling tools in combination, RESidual RADioactivity (RESRAD) and 
Environmental Risk from Ionising Contaminants Assessment (ERICA) to assess the dose and risk associated with 
residual radioactive material to human and environmental receptors respectively during operations, rehabilitation, 
and final land use scenarios.  Additional potential exposures for public health assessment (offsite from site vehicles, 
resuspended dust) have been assessed in the RMP based on other methods including current monitoring results. 
 

• RESRAD: The RESRAD code uses knowledge of the source term and transfer parameters to derive the 
radionuclide concentration used to calculate the dose contributions for a range of exposure pathways, 
including external exposure, ingestion of contaminated food and water, and inhalation of airborne 
radioactivity.  The code has the capability to model the radiation exposure of an individual who spends time 
both directly above the primary residual contamination (onsite), and in the vicinity of the primary residual 
contamination (offsite).  By selecting different pathways, RESRAD can be used to simulate various exposure 
scenarios. 

• ERICA: In view of the large data sets for organisms underpinning the environmental assessment approach 
and the potential to introduce errors when performing numerous calculations by hand, a computer-based 
tool, the ERICA Tool, was developed.  The ERICA tool uses a database built around several reference 
organisms, each with its own specified geometry and is representative of terrestrial, freshwater, or marine 
systems.  The tool uses measured or predicted radionuclide activity concentrations in environmental media 
or biota as inputs into the ERICA model.  The tool adopts a tiered structure for assessment.  Tiered 
approaches, as for general environmental risk assessment have become a standard means of structuring 
risk assessments for chemicals and radioactivity.  For the approach used in the ERICA Tool, there are two 
generic screening tiers and a third site specific tier: 
 Tier 1 assessments use pre-calculated environmental media concentration limits (EMCLs) to estimate 

risk quotients (RQs) and require inputs in the form of media concentrations.  The results from this 
assessment are considered to be conservative and therefore can be used to screen out sites where 
there is a negligible radiological risk of the populations of non-human species being affected by the 
presence of the ionising radiation.  Input media activity concentrations are compared against EMCLs 
which have been calculated for the most limiting organism for each radionuclide.  This tier does not 
require specialist knowledge.  

 Tier 2 is a more detailed risk assessment, using best estimate values.  At Tier 2, estimated absorbed 
dose rates for each organism of interest are put into context by comparing to summarised tables of 
benchmarks for potential radiation effects and to natural background exposure.  Any high-risk areas 
identified will require a more detailed site-specific radiological assessment for identified radionuclides 
and organisms. 

 Tier 3 assessments allow the same flexibility as Tier 2.  Tier 3 is a probabilistic risk assessment in which 
uncertainties associated with the results may be determined using sensitivity analysis, and that allows 
access to a compilation of up-to-date available scientific literature on the biological effects of exposure 
to ionising radiation in a number of different species.  This will allow an estimate of the probability (or 
incidence) and magnitude (or severity) of the environmental effects likely to occur and, by discussion 
and agreement with stakeholders to determine the acceptability of the risk to non-human species.  
Results can be put into context using incorporated data on dose-effects relationships and background 
dose-rates. 

 
In this evaluation, all assessments were undertaken at Tier 2 level, allowing the user to be more interactive than in 
Tier 1 assessments; to change the default parameters; and to select specific reference organisms relevant to the 
Proposal location.  The ERICA default screening dose rate is 10 µGy/h, both for the terrestrial and the aquatic 
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environment, where levels exceed this screening value, literature derived dose response levels which are more 
organism specific are applied. 
 
To represent a ‘conservative’ approach towards potential exposure of human and environmental receptors, the 
radionuclide concentrations as projected from Eneabba Monazite; Wimmera; and combined Wimmera and Eneabba 
were applied within the ERICA modelling without further dilution for the TSFs and unless otherwise specified, 
conclusions and statements relate to the modelled doses and risk of Wimmera residue - which has the highest 
activity of any potential feed material.  Media concentrations used in both RESRAD, and ERICA modelling is outlined 
in Table 3. 
 
Third party feed blends are all indicated as being an order of magnitude lower in activity concentrations than either 
Wimmera or Eneabba feed concentrates and would hence have a large "dilution" effect on radionuclide 
concentrations in feeds as well as wastes within the TSFs.  Dilution of radionuclide concentrations will result in a 
reduction of risk to human and environmental receptors. 

Table 3:  Media Activi ty  Concentrat ions Used for  RESRAD and ERICA Model l ing 

Radionuclide 

ANSTO Test-Work 
Eneabba Monazite Feed 

Reconstructed from 
Wimmera Eneabba and Wimmera 

Reconstructed Residue 
Neutralised Waste Reconstructed Eneabba 

Retained Solids3 

Bq/g Bq/g Bq/g 

U-238 2.4 5.5 4.1 
Th-230 4.91 19.86 12.9 
Ra-226 3.4 10.4 7.2 
Pb-210 4.51 13.94 9.6 
Po-210 4.6 7.54 6.2 
U-235 0.11 0.26 0.2 
Pa-231 0.81 1.06 0.9 
Ac-227 0.29 0.10 0.2 
Th-227 0.29 - 0.32 
Th-232 37 78.4 59.2 
Ra-228 33 70.51 53.1 
Th-228 37 82.34 61.4 
K-40 0.3  0.32 
Total 407 915.19 748.3 

TSF Cover Design - Used for RESRAD Modelling 
Density (t/m3) 0.99 t/m3 

Area of Contaminated Zone (m2) 110,000 m2 
Depth of Contaminated Zone (m) 20 m 

Depth of Cover (m)4 4 m to 9 m, averaged at 6 m 
1 Pb-210 calculated from ratio of elemental lead to Pb-210 in the feed and Pb in the residue. Th-230 calculated from 

ratio of Th-232 to Th-230 in the feed and Th-230 in the residue.  
2 Value adopted from Eneabba Monazite residue as no value for Wimmera available. 
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3 ANSTO testwork was completed for Wimmera material, but the flowsheet incorporating zircon refining waste 
combined with rare earth refining waste was subsequently updated. Due to the flowsheet changed for EP3, Project 
Process Engineer (Ian Gough) reconstructed Wimmera wastes if Wimmera concentrate would be treated through 
EP3. Ian Gough 2020. 

4 Based on TSF cover design by Wood. (Wood 2021) 
 
The full RESRAD report is provided in Appendix 4, and the full ERICA report is provided in Appendix 5. 
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5. HUMAN HEALTH ASSESSMENT 
Six scenarios were selected for the RESRAD modelling to determine the risk to human health.  The scenarios are 
discussed below.  Where possible, site-specific data was used in the modelling, however, where no site data was 
available, RESRAD default values were adopted.  Further details are contained with the full RESRAD assessment 
(Appendix 4). 
 
The following considerations were made for the modelling of the six RESRAD scenarios: 

• An annual dose limit of 1 mSv/y was adopted for members of the public and an annual occupational dose 
limit of 20 mSv/y (averaged over 5 years) was adopted for workers at the facility.  This is consistent with the 
ARPANSA Code for Radiation Protection in Planned Exposure Situations, Schedule A and Schedule B. 

• The depth cover for the TSFs would vary from 4 m to 9 m with an average depth cover of 6 m.  A density of 
1.75 g/cm3 is assumed for the cover as well as the unsaturated and saturated zones below the TSFs. 

• The cover erosion rate is estimated to be 0.00036 m/y.  This is based on a facility slope of 1:3 and topsoil 
cover. 

• The density of the contaminated zone is estimated to be 0.99 g/cm3 for a gypsum matrix.  This is based on 
North Capel tailings material. 

• The average wind speed at the Eneabba site is 8 m/s (conservative as this is the upper end of typical 
windspeeds) and the average rainfall is 490 mm/y. 

 
Although the Human health assessment bases its reference level of 1mSv/year which indicates there has been a 
measurable increase in radiation exposure, this level of exposure does not represent an impact on human health 
immediately or guarantee that a related negative impact could occur from this exposure in the future. The ICRP 
(2007) recommend “Where individuals may receive information but no training, corresponding doses would 
represent a marginal increase above the natural background and are at least two orders of magnitude lower than 
the maximum value for a reference level, thus providing a rigorous level of protection”.  
 
The ICRP suggest applying the principles of optimisation and protection, selection of an appropriate value for the 
dose constraint, characterise the relevant exposure situation (in terms of the nature of the exposure, the benefits 
from the exposure situation to individuals and society) and the practicability of reducing or preventing the exposures.  
The following exposure scenarios provide an assessment of potential exposures using both RESRAD and ERICA 
to follow the suggested approach from ICRP. Resultant exposures are then compared against the reference level 
for suitability of the project.   

5.1 OCCUPATIONAL EXPOSURE 

5.1.1 Operational Phase 
• The critical group in this scenario are workers at ERER.  This scenario is only for workers for the TSFs and 

does not include workers within the refinery for which readers should refer to the RMP (Iluka 2021c).  Workers 
at the TSFs would be involved in inspections, movement or redirection of slurry/deposition flows and 
monitoring. Modelled exposure pathways and results are shown in Table 4. 

 
Assumptions: 

• The operational phase for each TSF is expected to last approximately 6 years.  During this time, there will 
be no cover material on top of the tailings. 

• The model assumes a worker will spend up to 5% of their time on top of the TSF while in operation.  This 
equates to 100 hours of exposure over an expected 2,000-hour work year. However, in reality, the tailings 
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material will be saturated and covered with water, therefore it is not anticipated that workers will actually 
spend time on top of the facility, but rather adjacent to it. 

Table 4:  Operat ional  Phase -  Exposure Pathways and Radiat ion Dose 

Critical Group Occupancy Environmental 
Pathway 

Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Eneabba EP3 
TSF Worker 100 h/y 

On-site 
Direct Exposure 

External Radiation 
Gamma Radiation 1.42 3.18 2.37 

Eneabba EP3 
TSF Worker 100 h/y 

On-site 
Radon Exposure 

Inhalation 
Internal Radiation 0.005 0.01 0.01 

Eneabba EP3 
TSF Worker 100 h/y 

On-Site 
Dust Exposure 

Inhalation 
Internal Radiation 0.005 0.01 0.01 

Eneabba EP3 
TSF Worker 100 h/y 

On-Site 
Soil Contamination 

Ingestion 
Internal Radiation 0.03 0.08 0.06 

Total Yearly Dose (mSv/y) 1.46 3.28 2.44 

Dose Limit (mSv/y)1 Designated Radiation Workers 20 20 20 

Percent of Dose Limit 7.3 % 16.4 % 12.2 % 

1 Occupational Effective Dose Limit - 20 mSv/year (averaged over a five-year period) as per Radiation Safety Act and 
ARPANSA C-1: Code for radiation protection in planned exposure situations (Schedule A - Dose Limits for Occupationally 
Exposed Persons) 
 
The yearly dose for a worker completing activities on a TSF is between 1.46 mSv/y for Eneabba waste to 3.28 mSv/y 
for the most active, Wimmera waste.  It is unlikely that workers will be exposed directly to Wimmera waste, as the 
ERER will begin processing Eneabba material followed by combined wastes in the future. These dose rates are well 
below the occupational effective dose limit of 20 mSv/y and present a low risk to worker health for this scenario.  
The maximum yearly dose is almost entirely contributed from the direct exposure to gamma radiation due to 
occupancy in the area with very little contribution from dust or radon inhalation or unintentional soil ingestion. 
 
Ongoing operational control measures are detailed in the RMP to protect workers from the external gamma dose. 
These measures include limiting exposure time within the TSFs, Realtime monitoring of individual workers exposure 
to gamma radiation, regular assessment of exposure.   
Waste controls to be implemented at the TSFs, as per the Radiation Management Plan (Iluka 2021c) include: 

• Earthen bunded pipelines and contained pipe joins; 

• Fencing to limit access to the facility; and 

• Personal monitoring controls. 

5.1.2 Rehabilitation Phase 
The critical group in this scenario are workers on the TSFs undertaking rehabilitation activities.  This scenario is only 
for workers for the TSFs during this time and does not include workers within the refinery. Modelled exposure 
pathways are shown in Table 5. 
 
Assumptions: 
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• A worker will spend up to 10% of their time on top of the TSF during rehabilitation.  This equates to 200 hours 
of exposure over an expected 2000-hour work year.  It is noted in reality that the period of time required for 
onsite presence during rehabilitation (installation of the cover once tailings has consolidated) is likely to be 
much less. 

• The tailings will be consolidated and dried out before addition of fill material for capping. It is anticipated that 
workers will spend time on top of the facility, most likely inside vehicles, however the modelling does not 
consider the shielding provided by the vehicle. 

Table 5:  Rehabi l i tat ion Phase -  Exposure Pathways and Radiat ion Dose 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Eneabba EP3 
TSF Worker 200 h/y 

On-site 
Direct Exposure 

External Radiation 
Gamma Radiation 3.24 7.25 5.40 

Eneabba EP3 
TSF Worker 200 h/y 

On-site 
Radon Exposure 

Inhalation 
Internal Radiation 0.011 0.03 0.02 

Eneabba EP3 
TSF Worker 200 h/y 

On-Site 
Dust Exposure 

Inhalation 
Internal Radiation 0.008 0.02 0.01 

Eneabba EP3 
TSF Worker 200 h/y 

On-Site 
Soil Contamination 

Ingestion 
Internal Radiation 0.07 0.17 0.12 

Total Yearly Dose (mSv/y) 3.33 7.46 5.55 

Dose Limit (mSv/y)1 Designated Radiation Workers 20 20 20 

Percent of Dose Limit 16.7 % 37.3 % 27.8 % 

1 Occupational Effective Dose Limit - 20 mSv/year (averaged over a five-year period) as per Radiation Safety Act 
ARPANSA C-1: Code for radiation protection in planned exposure situations (Schedule A - Dose Limits for Occupationally 
Exposed Persons) 
 
The yearly dose for a worker completing rehabilitation activities on the TSFs is between 3.33 mSv/y for Eneabba 
waste to 7.46 mSv/y for Wimmera waste (considered worst case, highest activity).  These dose rates are well below 
the Occupational Effective Dose Limit of 20 mSv/y and present a low risk to worker health for this scenario.  The 
maximum yearly dose is almost entirely contributed from the direct exposure to gamma radiation due to occupancy 
in the area during works with very little contribution from dust or radon inhalation or unintentional soil ingestion.  
Workers in vehicles would have a degree of shielding from the cabin which will reduce the yearly dose modelled. 
 
Although the modelled rates fall below the occupational effective dose limit, efforts should be made to further protect 
workers from the external gamma dose by limiting exposure time within the TSFs. Exposure controls will be included 
in the RMP for this task, the registered site RSO will ensure tasks are carried out in a safe manner to reduce 
exposure, this will include: 

• Designated radiation workers only performing essential tasks in the vicinity of the TSFs; 

• Pre-planning work to reduce work time within the TSF area; 

• Personal dose monitoring for radiation exposure (Realtime Gamma monitors and OSL badges) and annual 
radiation dose estimation carried out by RSO; 
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• Institutional controls, such as appropriate rostering, to ensure maximum occupancy time is not exceeded by 
any individual. 

5.2 PUBLIC HEALTH DURING OPERATIONS 
The risk to public health during the period of operations is minimised by the exclusion of access to the refinery and 
associated TSFs where the primary radiation risk is from gamma exposure.  Pathways considered relevant in 
assessment and outlined in the RMP for public health during operations are: 

• External gamma radiation - Applicable due to potential for contamination from light vehicles etc. entering 
the Eneabba town site from the Eneabba mine site.  Monitored based on annual gamma surveys. 

• Inhalation of dust - Alpha (internal) radiation from off-gas emissions from  refinery stacks or dust generated 
from the TSF’s.  Radiation in dust in the Eneabba town will be monitored using high volume dust filters in 
Eneabba townsite.  Eneabba townsite is not in the prevailing wind direction of the Eneabba mine site for the 
majority of the year (Iluka 2021c). Dust suppression will be incorporated to ensure fine gypsum dust from the 
TSF does not blow into the surrounding environment. 

 
Potential for impact to drinking water supplies for Eneabba town based on the material, liner system, direction of 
groundwater flow (cross-gradient to Eneabba town bores) and the distance from the mine site.  Further information 
is provided in the RMP (Iluka 2021c) and also in Section 5.3.2 post-closure scenario. 
 
Table 6 outlines calculated doses for members of the public across EP2 and ERER based on results of monitoring 
and projections to ERER outlined in the RMP.  The estimated dose above background exposure from operations 
was 0.165 mSv/y, well below the dose assessment limit of 1 mSv/y. 

Table 6:  Publ ic Health Exposure Pathways and Radiat ion Dose During Operat ions 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Dose (mSv/y) 

Eneabba 
Monitoring 

Eneabba 
Resident 8760 h/y 

(100%) 
Off-site 

Direct Exposure 
External Radiation 
Gamma Radiation 

from Vehicles 
0.16 

Eneabba 
Resident 

8760 h/y 
(100%) 

Off-site 
Dust Exposure 

Inhalation 
Internal Radiation 0.01 

Total Yearly Dose (mSv/y) 0.17 

Dose Limit (mSv/y)1 1 

Percent of Dose Limit 16.5 % 

1 Public Effective Dose Limit - 1 mSv/year as per Radiation Safety Act and ARPANSA C-1: Code for radiation 
protection in planned exposure situations (Schedule B - Dose Limits for Members of the Public) 

5.3 PUBLIC HEALTH POST CLOSURE 

5.3.1 Post-closure Native Vegetation 
Native vegetation is the likely final land use for the TSF facilities per area zoning. The reinstatement of native 
vegetation in the TSF area and on the TSF post-closure was modelled using RESRAD.  The Eneabba South Mine 
area was originally included in the South Eneabba Nature Reserve (SENR), and one of the proposed TSFs (former 



ILUKA RESOURCES LIMITED  ENEABBA MINERAL SANDS 
   EP3 RADIATION IMPACT ASSESSMENT 

 26 

Yellow Dam) falls partially within Vacant Crown Land.  For the portion of the Yellow Dam within the Vacant Crown 
Land, post-closure is planned to remain as a conservation area with native vegetation being re-established. 
 
The critical groups in this situation are members of the public who may be required to access the land occasionally 
for work purposes e.g. to fight bush fires, assessing vegetation quality, checking gas pipelines or other services in 
the area. Modelled exposure pathways are shown in Table 7. 
 
Assumptions: 

• The occupancy of members of the public within this area is estimated at 8%.  This equates to approximately 
701 hours per year.  The occupancy was estimated based on bushland areas around Eneabba, with 
interviews conducted and information on work practices and timing of tasks related to the South Eneabba 
Nature Reserved gathered from area workers and managers from the Department of Parks and Wildlife. 

Table 7:  Post-Closure Nat ive Vegetat ion -  Exposure Pathways and Radiat ion Dose 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Land 
Managers 

701 h/y On-site 
Direct Exposure 

External Radiation 
Gamma Radiation <0.001 <0.001 <0.001 

Land 
Managers 

701 h/y On-site 
Radon Exposure 

Inhalation 
Internal Radiation <0.001 <0.001 <0.001 

Total yearly dose (mSv/y) <0.001 <0.001 <0.001 

Dose Limit (mSv/y)1 1 1 1 

Percent of Dose Limit <0.1 % <0.1 % <0.1 % 

1 Public Effective Dose Limit - 1 mSv/year as per Radiation Safety Act and ARPANSA C-1: Code for radiation 
protection in planned exposure situations (Schedule B - Dose Limits for Members of the Public) 
 
The maximum yearly dose for the land managers working in the area is reached after 1,000 years for Eneabba  
tailings, Wimmera tailings, and combined Eneabba and Wimmera tailings.   
 
The maximum yearly dose for the land managers is below 0.001 mSv/y for all waste types.  These dose rates are 
well below the Public Effective Dose Limit of 1 mSv/y and presents a very low risk to public health for this scenario. 

5.3.2 Post-closure Off-Site Contaminated Groundwater 
Groundwater contamination and subsequent consumption due to a leaking liner at the base of the TSF was modelled 
with RESRAD at a high level subject to further assessment by more appropriate models.  The modelling includes 
members of the public living off-site drinking the contaminated groundwater 1 km downgradient of the TSF. Modelled 
exposure pathways are shown in Table 8. 
 
Assumptions: 

• As RESRAD does not include functions to simulate the specific leakage through a liner, this scenario was 
modelled assuming a portion of the tailings rests directly on top of the groundwater zone with no liner in place 
and no unsaturated zone present and 0.1% of the waste depth lying within the groundwater zone. 

• The member of the public drinking the groundwater is assumed to consume the water from an off-site well 1 
km down-gradient from the TSF at a rate of 2 L/day. 
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Table 8:  Offsi te Contaminated Groundwater  -  Exposure Pathways and Radiat ion 
Dose 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Member of 
Public 

None 
1km from site 

Off-site 
Drinking Water 
Consumption 

Ingestion 
Internal Radiation 0.17 0.20 0.17 

Total yearly dose (mSv/y) 0.17 0.20 0.17 

Dose Limit (mSv/y)1 1 1 1 

Percent of Dose Limit 17 % 20 % 17 % 

1 Public Effective Dose Limit - 1 mSv/year as per Radiation Safety Act and ARPANSA C-1: Code for radiation 
protection in planned exposure situations (Schedule B - Dose Limits for Members of the Public) 
 
The maximum yearly dose for a member of the public drinking contaminated groundwater from a well located 1 km 
down-gradient from site is reached after 18,000 years for Eneabba tailings and 21,000 years for Wimmera tailings, 
and combined Eneabba and Wimmera tailings.  
 
The maximum yearly dose for a member of the public ranges from 0.17 mSv/y for Eneabba tailings to 0.20 mSv/y 
for Wimmera tailings.  These dose rates are considerably less than the Public Effective Dose Limit of 1 mSv/y and 
present very low risk to public health for this scenario. 
 
Additionally, the closest human receptors of the groundwater are based in the town of Eneabba which is 
approximately 5.5 km away from the most northern proposed TSF and across-gradient from groundwater flow.  The 
risk of any potential plume of groundwater contamination to influence Eneabba town if the TSF liner is leaking is 
therefore considered low. 

5.3.3 Post-closure Residential Farmer 
The critical group in this scenario are members of the public, particularly a notional residential farmer.  This scenario 
models only the occupancy of the farmer and does not include intake of locally grown vegetation or drinking of 
groundwater. Modelled exposure pathways are shown in Table 9. 
 
Assumptions: 

• Following closure and rehabilitation, a residential farmer constructs a dwelling directly on top of the post 
closure TSF.  The occupancy of the farmer was assumed to be 95% (50% indoors and 45% outdoors).  It 
noted this is extremely conservative and unrealistic, both in location of such a residence and that the sandy 
soils east of the Brand highway and in the area of ERER being less conducive to farming than soils west of 
the highway. 

• The Wood conceptual TSF closure design shows a variance of thickness with a minimum of 4.1 m and up to 
9 m cover above the tailings zone.  An average of 6 m cover was assumed. 

• The TSF base HDPE liners and clay base is assumed intact and no seepage (contamination) from the facility 
to the underlying groundwater. 
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Table 9:  Post-closure Residential  Farmer -  Exposure Pathways and Radiat ion 
Dose 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Residential 
Farmer 

0.95% 
(50% Indoor / 
45% Outdoor) 

On-site 
Direct Exposure 

External Radiation 
Gamma Radiation <0.001 <0.001 <0.001 

Residential 
Farmer 

0.95% 
(50% Indoor / 
45% Outdoor) 

On-site 
Radon Exposure 

Inhalation 
Internal Radiation 0.15 0.50 0.34 

Total yearly dose (mSv/y) 0.15 0.50 0.34 

Dose Limit (mSv/y)1 1 1 1 

Percent of Dose Limit 15 % 50 % 34 % 

1 Public Effective Dose Limit - 1 mSv/year as per Radiation Safety Act and ARPANSA C-1: Code for radiation 
protection in planned exposure situations (Schedule B - Dose Limits for Members of the Public) 
 
These modelled rates show the total yearly dose is almost exclusively from radon gas inhalation as gamma radiation 
(<0.001 mSv/y) is attenuated by the distance from source and shielding.  This maximum yearly dose rate will occur 
1,000 years from material placement as this is the peak in emanation from source based on the composition of the 
tailings material.   
 
The maximum yearly dose for the residential farmer is estimated to be between 0.15 mSv/y for Eneabba waste to 
0.5 mSv/y for Wimmera waste based on occupancy alone.  This does not account for any ingestion of food grown 
or raised in the area however this additional dose rate would very low.  These dose rates are well below the Public 
Effective Dose Limit of 1 mSv/y and present a low risk to public health for this conservative scenario.  Radon 
exposure is higher in dwellings versus open ground due to much more limited air exchange. 

5.3.4 Post-Closure Intrusion 
Intrusion into the TSF post-closure and post-institutional controls was modelled with RESRAD.  A few scenarios 
were initially considered: 

• Construction of a building. 

• Excavation for a roadway. 

• Agricultural setting with excavation for a farm dam.  
 
Construction of a building and excavation for a roadway were not pursued as it was unlikely any such excavations 
would penetrate below the minimum 4.1 m cover (as per Wood 2021 design).  Excavation for a farm dam was 
modelled to quantify the risk to humans if some tailings were encountered if this scenario were to occur. However, 
this scenario is unlikely as the water quality in the dam is likely to be very poor for livestock use due to gypsum in 
the excavated material. 
 
The exposure group in this scenario is a residential farmer exposed to tailings removed from within the otherwise 
capped facility for the construction of a farm dam. Modelled exposure pathways are shown in Table 10. 
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Assumptions: 

• It is assumed that 5,000 m3 of material would be excavated (1,000 m2 at a depth of 5 m) for the farm dam.  If 
the dam is specifically constructed on an area on top of the TSF where minimum cover (4.1 m) would be 
present, theoretically 900 m3 of tailings would be excavated. 

• It is assumed that the 900 m3 of tailings excavated would be blended within the entire 5,000 m3 excavated 
material, thereby reducing the radionuclide activity concentration of the excavated waste material by a factor 
of 5.6 (compared to un-blended waste). 

• It is further assumed that the 5,000 m3 excavated material would be spread over a large area of 10,000 m2 
at 0.5 m thick. 

• The occupancy of the farmer at the dam is assumed to be 10%.  This equates to approximately 876 hours 
per year at this location. 

Table 10:  Post-closure Intrusion -  Exposure Pathways and Radiat ion Dose 

Critical 
Group Occupancy Environmental 

Pathway 
Exposure 
Pathway 

Maximum Dose 
(mSv/y) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 

Residential 
Farmer 

876 h/y On-site 
Direct Exposure 

External Radiation 
Gamma Radiation 2.44 5.30 3.97 

Residential 
Farmer 

876 h/y On-site 
Radon Exposure 

Inhalation 
Internal Radiation 0.001 0.002 0.001 

Residential 
Farmer 

876 h/y On-Site 
Dust Exposure 

Inhalation 
Internal Radiation 0.01 0.01 0.01 

Residential 
Farmer 

876 h/y On-Site 
Soil Contamination 

Ingestion 
Internal Radiation 0.06 0.14 0.10 

Total yearly dose (mSv/y) 2.50 5.45 4.08 

Dose Limit (mSv/y)1 1 1 1 

Percent of Dose Limit 250 % 545 % 408 % 

1 Public Effective Dose Limit - 1 mSv/year as per ARPANSA C-1: Code for radiation protection in planned exposure 
situations (Schedule B - Dose Limits for Members of the Public) 
 
The maximum yearly dose for the residential farmer is reached after 36 years of Eneabba tailings and 35 years for 
Wimmera tailings and combined Eneabba and Wimmera tailings.  The maximum modelled dose is almost entirely 
contributed from direct exposure to gamma radiation due to occupancy in the area. 
 
The maximum yearly dose for the residential farmer ranges from 2.5 mSv/y for Eneabba tailings to 5.45 mSv/y for 
Wimmera tailings.  These dose rates are between 2.5 to 5.5 times greater than the Public Effective Dose Limit of 1 
mSv/y and presents a high risk to the health of the residential farmer for this scenario. 
 
The Wood conceptual TSF cover design incorporates multiple layers within the cover including drainage layers, 
intrusion prevention layers, liners and geotextiles.  Excavating through these layers may make it more difficult 
depending on machinery used and would be visible signs of previous tailings burial. 
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During the institutional control period, memorial on title could be placed under the Contaminated Sites Act 2003, to 
prevent intrusion as administrative control.  Additionally, memorial on title could only allow alternative land uses to 
farming such as solar farming, native vegetation etc. 
 

5.4 BUSH TUCKER CONSUMPTION 
An estimate of the potential dose from the ingestion of bush tucker has been made for members of the public living 
in the region and consuming bush tucker that has biologically accumulated radionuclides from the TSF during 
operations (worst case).  Note that this is a highly unlikely scenario given access restrictions. Modelled exposure 
pathways are shown in Table 12. 
 
Assumptions: 

• The modelling was conducted based the gathering and consumption of food during the conservative 
conditions of potential exposure to biota i.e. during operations.  This is a highly unlikely scenario with the site 
RMP in place excluding members of the public from entering the site to collect bush tucker. A separate 
assessment would need to be conducted to assess this pathway post-closure from a return to native 
vegetation however the levels will be orders of magnitude lower due to cover shielding and distance.  

• Bush food collection quantities were aligned with those considered in the Atacama Project Environmental 
Radiation Impact Assessment Report.  From the Atacama evaluation, bush tucker consumption rates assume 
a diet that consists of an intake of 1 kg/y of plant material and 0.775 kg/y of animal material from the 
immediate area surrounding the TSF. Table 11 illustrates the individual radionuclide uptake for kangaroos, 
reptiles, and general vegetation. 

• The annual bush tucker consumption estimates for this assessment are:  
 0.7 kg of kangaroo. 
 0.075 kg of goanna (reptile). 
 0.2 kg of root vegetables. 
 0.6 kg of non-leafy vegetables.  
 0.2 kg of leafy vegetables. 

Table 11:  Organism and Vegetat ion Uptake and Accumulat ion  (ERICA) 

Radionuclide 

Organism Uptake and Accumulation 
(Bq/g) 

Vegetation Uptake 
(Bq/kg vegetation / Bq/kg waste) 

Kangaroo1 Reptile1 Non-Leafy2 Leafy2 Root3 

Pa-231 0.029 0.287 0.00036 0.00047 0.00035 
Pb-210 0.015 0.274 0.015 0.08 0.006 
Po-210 0.400 0.483 0.00019 0.0074 0.007 
Ra-226 0.028 0.230 0.061 0.091 0.002 
Ra-228 0.190 1.562 0.061 0.091 0.002 
Th-227 0.00001 0.0003 0.0022 0.0012 0.00033 
Th-228 0.003 0.089 0.0022 0.0012 0.00033 
Th-230 0.001 0.022 0.0022 0.0012 0.00033 
Th-232 0.003 0.085 0.0022 0.0012 0.00033 
U-235 0.0001 0.001 0.053 0.02 0.012 
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Radionuclide 

Organism Uptake and Accumulation 
(Bq/g) 

Vegetation Uptake 
(Bq/kg vegetation / Bq/kg waste) 

Kangaroo1 Reptile1 Non-Leafy2 Leafy2 Root3 

U-238 0.002 0.014 0.053 0.02 0.012 
1 Assumes a Kangaroo occupancy of 5% and a reptile occupancy of 50% 
2 Quantification of radionuclide transfer in terrestrial and freshwater environments for radiological assessments. (IAEA 

2010) 
3 Compendium of Transfer Factors (DoE 2013) 

Table 12:  Bush Tucker Consumption -  Exposure Pathways and Radiat ion Dose 

Critical Group Occupancy Environmental Pathway Exposure Pathway 

Maximum Dose 
(mSv/y) 

Wimmera Tails 

Member of 
Public N/A On-Site Biotic Contamination 

Kangaroo 
Ingestion 

Internal Radiation 0.46 

Member of 
Public N/A On-Site Biotic Contamination 

Reptile 
Ingestion 

Internal Radiation 0.16 

Member of 
Public N/A On-Site Biotic Contamination 

Non-Leafy Vegetables 
Ingestion 

Internal Radiation 0.05 

Member of 
Public N/A On-Site Biotic Contamination 

Leafy Vegetables 
Ingestion 

Internal Radiation 0.28 

Member of 
Public N/A On-Site Biotic Contamination 

Root Vegetations 
Ingestion 

Internal Radiation 0.01 

Total yearly dose (mSv/y) 0.96 

Dose Limit (mSv/y)1 1 

Percent of Dose Limit 96% 

1 Public Effective Dose Limit - 1 mSv/year as per Radiation Safety Act and ARPANSA C-1: Code for radiation 
protection in planned exposure situations (Schedule B - Dose Limits for Members of the Public) 
 
Doses from ingestion of bush tucker from the TSFs (containing the highest waste radionuclide concentrations, i.e. 
Wimmera tailings) and during the operational phase (unlikely) are still expected to be less than the public dose limit 
of 1 mSv/y.  It has conservatively been assumed that all plant and meat sources have accumulated radionuclides 
to the same concentration (in reality, the TSF will be fenced excluding kangaroos from the area and while some 
reptiles will spend time at the TSF and surrounding areas, there will be others that will spend time in the surrounding 
area containing much lower concentrations of radionuclides). 
 
Ingestion doses for members of the public have been calculated based on the conservative assumption that all food 
consumed is sourced from the immediate area of the TSF.  In practice, the larger Eneabba area is a Nature Reserve, 
and the TSF would be under active Iluka control during the operational and rehabilitation phases.  It is therefore 
highly unlikely that all bush tucker consumed will be from the TSFs.  If for whatever reason this were to occur, it 
would be unlikely that all food consumed by an individual is generated solely in the vicinity of the TSFs, so this 
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provides a conservative estimate of ingestion doses.  Levels from post closure consumption will be significantly 
lower (orders of magnitude) due to distance and shielding provided by the TSF cover.   
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6. ENVIRONMENTAL ASSESSMENT 
The objective of the environmental assessment is to ensure maintenance of robust fauna populations.  This involves 
demonstrating that radiation exposures are of no regulatory concern in relation to the maintenance of biological 
diversity, conservation of species, or on the health of natural ecosystems (ARPANSA 2015). 
 
The ERICA tool was used to calculate the effective radiation dose rate from the TSFs to representative fauna and 
flora in the area and to determine the risk to the environment during operations and rehabilitation.  
 
Review and analysis of the radiation effects literature (dose response relationship studies) has been conducted 
internationally to derive exposure levels below which there is not expected to be significant population level effects 
for a range of organism types.  These derived values are helpful in guiding the selection of environmental reference 
values for use in assessments. 
 
The calculated dose rate is compared to a number of reference levels: 

• An initial screening dose rate of 10 µGy/hr, at which approximately 95% of the species in the ecosystem are 
expected to be protected. 

• The ICRP Derived Concentration Reference Levels (DCRL) which applies to individual organisms. 

• The Environmental Reference Levels (ERL) which applies to an organism population as a whole. 

• The ICRP Effects Range - A range of doses at which negative health effects have been noted in individual 
organisms. 

 
The DCRLs identify a band of dose rates where a decision-maker may need to consider the potential for deleterious 
effects of radiation in a single member of a particular species, although further considerations such as rarity/total 
population numbers of that particular species may be needed in order to take a fully informed decision.  DCRL and 
ERL are dose ranges where considerations should be made in terms of optimising radiological protection of the 
environment.  These values are reference levels not dose limits. 
 
Fauna of the Eneabba area is well documented as a consequence of mining being established in the area in the 
early 1970s with numerous baseline studies commissioned and research studies conducted.  An estimate of the 
fauna assemblage of the Eneabba mine site area was compiled utilising the results from the reviews and studies 
together with the species recordings during the 2012 site inspection undertaken at Eneabba (BCE 2013).  The 
number of species expected to occur in the Eneabba mine site area is presented in Table 13.  Over 250 fauna 
species are expected in the region, comprising freshwater fish, frogs, reptiles, invertebrate, birds and mammals 
(BCE 2013). 

Table 13:  Fauna Species Expected within Mining Lease Area (Western Wi ldl i fe 
2021)  

Taxon Number of Species Conservation Significant Species1 

Frogs 10 0 

Reptiles 60 2 

Birds 118 5 

Mammals 26 1 

Total 211 8 
1 Conservation status for species occurring or potentially occurring in the area was assessed against the Wildlife 

Conservation Act 1950 and the Environment Protection and Biodiversity Conservation Act 
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The following conservation significant species are potentially occurring or likely to occur within the Eneabba mining 
lease area: 

• Black-striped Snake (Neelaps calonotos) - DBCA Priority 3. 

• Peregrine Falcon (Falco peregrinus) -BC Act Other Specially Protected Fauna. 

• Carnaby's Black Cockatoo (Calyptorhynchus latioris) - BC Act and EPBC Act Endangered. 

• Rainbow Bee-eater (Merops ornatus) - EPBC Act Migratory species. 

• Rufous Field-Wren (Calamanthus campestris). 

• Australian Painted Snipe (Rostratula australis) - BC Act and EPBC Act Endangered. 

• Brush Wallaby (Macropus irma) - DBCA Priority 4. 

• Katydid cricket (Hemisaga vepreculae) - DBCA Priority 2. 

• Wollybush bee (Hylaeus globuliferus) - DBCA Priority 2. 
 
Due to the conservative significant status of the above species, they were included into the ERICA model. 

6.1 TERRESTRIAL FAUNA ASSESSMENT 
The fauna habitats that occur in the Eneabba area are a mix of heathland and woodland on sand/dunes that can 
include Eucalyptus and Banksia species, and support conservation significant species such as Carnaby’s Cockatoo.  
It should be noted that based on site surveys, there are no roosting sites for Carnaby’s Cockatoo in the Development 
Envelope.  The area east of the Brand Highway, apart from small, isolated stands of planted Eucalyptus trees is 
considered foraging habitat only, thus the low occupancy of 5% for this species. 
 
Assumptions: 

• Modelling results in Table 14 are based on exposures during operations and rehabilitation phases where the 
tailings is directly exposed.  Levels for post-closure terrestrial exposure potential are significantly lower and 
were approximately 1,000-fold below an equivalent dose based on human exposure calculations and 
radioactivity shielding provided by the TSF cover (refer Appendix 5, Section 8.5). 

• Modelling is for inherent risk based on no operational controls which would in practice include fencing of the 
TSFs to exclude fauna as much as possible. Additionally, the TSF will be regularly inspected to keep animals 
out. 

• The modelling assumes that small burrowing animals are penetrating the tailings directly.  However, during 
the operational phase this is considered to be unlikely to be the case, due to the poor stability of the wet tails 
(bogging) or water cover (drowning).  
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Table 14:  Terrestr ia l  Fauna -  Occupancy,  Reference Levels,  and Dose Rate During 
Operat ions/Rehabi l i tat ion Phase 

Critical Group Occupancy 
(%) 

DCRL1 
Individual 
(µGy/h) 

ERL2 
Population 
(µGy/h) 

Effects 
Range3 

Individual 
(µGy/h) 

Total Body Dose Rate 
(µGy/h) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 
Bird 5 4 - 40  40 - 400 2.1 5.3 3.8 

Brush Wallaby 5 4 - 40 40 - 100 40 - 400 2.1 4.0 3.1 
Carnaby's 
Cockatoo 5 4 - 40  40 - 400 2.0 5.1 3.7 

Echidna 5 4 - 40 40 - 100 40 - 400 1.9 8.3 6.2 
Emu 5 4 - 40  40 - 400 1.8 4.6 3.3 

Flying Insects 20 400 - 4,000  400 - 4,000 16.6 40.0 29.2 
Kangaroo 5 4 - 40 40 - 100 40 - 400 10.4 19.2 15.1 

Katydid Cricket 50 400 - 4,000  400 - 4,000 41.9 101 73.6 
Mammal - Large 5 4 - 40 40 - 100 40 - 400 2.9 6.4 4.8 
Mammal - Small 

Burrowing 20 4 - 40 40 - 100 40 - 400 18.7 41.4 30.8 

Native Bee 5 400 - 4,000  400 - 4,000 4.2 10 7.4 
Perigrine Falcon 5 4 - 40  40 - 400 1.9 4.9 3.5 
Rainbow Bee-

eater 5 4 - 40  40 - 400 2.1 5.2 3.8 

Reptile 50 4 - 404  40 - 400 56.6 124 93 
Rufous Fieldwren 5 4 - 40  40 - 400 2.1 5.2 3.8 

1 DCRL - Derived Consideration Reference Levels (ICRP 2009) 
2 ERL - Environmental Reference Level, where available (IAEA 1992 and UNSCEAR 2011) 
3 Dose range where health effects (reduction in reproduction success) are noted per organism group (ICRP 2008) 
4 No specific data for Reptiles. ERICA assumes similar to birds. 

6.1.1 Birds 
The modelling indicates that all terrestrial birds in the area will receive a dose of less than the screening limit of 10 
µGy/h at their representative occupancies. 
 
Overall, the risk of impact to terrestrial birds in the area is considered insignificant. 

6.1.2 Reptiles 
The modelling indicates that, for all tailings, individual reptiles living on the TSF at 50% occupancy will receive a 
total body dose greater than 40 µGy/h in this scenario.  The doses exceed the DCRL and are within the effects 
range.  The assumption of 50% occupancy, however, is considered highly conservative and unlikely given the 
absence of suitable habitat on top of and immediately adjacent to the TSFs.  Any potential effects would be limited 
to a very few individual snakes during the operations phase and would not affect the population in the Eneabba 
area. 
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Overall, there is potential for small impact to individual reptiles' resident in the immediate TSF areas, with effects to 
the overall population effects expected to be insignificant. 

6.1.3 Insects 
The modelling indicates that most insects in the TSF area will receive a dose greater than the screening limit of 10 
µGy/h, but well below the DCRL and effects range of 400 to 4,000 µGy/h.  No population ERL values have been 
derived, however these would be higher still if relevant to the limited area of the TSF. 
 
Overall, the impact to insects in the area is considered insignificant. 

6.1.4 Mammals 
The modelling indicates that, for all tailings, all mammals in the area will receive a dose less than the screening limit 
of 10 µGy/h, and the ERL of 40 µGy/h, for their relative occupancies.  One exception are small burrowing mammals.   
 
For Wimmera tailings, during operations, modelling indicated small burrowing mammals will receive a total body 
dose of 41.4 µGy/h (lower end of the effects range), for an occupancy of 20% if they were to burrow directly into the 
tailings. This is unlikely to occur during operation of the TSFs as the tails is a wet slurry where mammals would be 
likely to bog, and burrows collapse or flood.  Burrowing is thus most likely to only occur in the ground surrounding 
the TSF.  As such, this exposure has been excluded. 
 
Overall, the impact to mammal populations in the area is considered insignificant.  

6.2 AQUATIC FAUNA ASSESSMENT 
The TSFs are planned to contain water (tails liquor) during the operational phase and may potentially allow for algae 
growth (dependent on pH levels) and attraction of water birds and amphibians such as frogs.  To evaluate the 
potential risk to freshwater species (albeit in a brackish to saline setting), a Tier 2 ERICA assessment was conducted 
for the aquatic environment with adoption of the Reference Animals and Plants (RAP’s) for freshwater environments.  
No water will remain in the TSF post closure so that scenario is not applicable. The modelled occupancy and dose 
rates are shown in Table 15. 
 
Assumptions: 

• The temporary and shifting nature of the pool of water (decant pond) within the TSF will detract from the 
establishment of aquatic plants, invertebrate and fish communities. 

• The water within the TSFs would not provide sufficient breeding or foraging habitat to support a resident bird 
population due to the lack of food source, salinity and high sulphate.  It is assumed aquatic birds would only 
use the facility as a temporary resting area. 

• For organisms that were further assessed, some degree of ingestion (internal dose component) was still 
included.  This is despite water within the TSFs having elevated sulphate concentrations of approximately 
700 mg/L sulphate versus typical tolerance of 250 mg/L sulphate due to purgative effects.   
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Table 15:  Aquat ic Fauna -  Occupancy,  Reference Levels,  and Dose Rate 

Critical Group Occupancy 
(%) 

DCRL1 
Individual 
(µGy/h) 

ERL2 
Population 
(µGy/h) 

Effects 
Range3 

Individual 
(µGy/h) 

Total Body Dose Rate 
(µGy/h) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 
Water Bird 30 4 - 40  40 - 400 6.7 9.8 8.4 
Amphibian 50 40 - 400 400 400 - 4,000 11.0 16.2 13.9 
Benthic fish 04 40 - 400 400 40 - 400 0 0 0 
Crustacean 04 400 - 4,000 400 400 - 4,000 0 0 0 
Insect larvae 100 400 - 4,000  400 - 4,000 1,079 1,805 1,474 
Mollusc-
gastropod 04 400 - 4,000 400 400 - 4,000 0 0 0 

Pelagic fish 04 40 - 400 400 40 - 400 0 0 0 
Australian Painted 
Snipe 30 4 - 40  40 - 400 8.2 9.8 8.4 

1 DCRL - Derived Consideration Reference Levels (ICRP 2009) 
2 ERL - Environmental Reference Level, where available (IAEA 1992 and UNSCEAR 2011) 
3 Dose range where health effects (reduction in reproduction success) are noted per organism group (ICRP 2008) 
4 The ionic constituents of the leach water (Ca and SO4) would not be a suitable habitat. 

6.2.1 Birds 
The modelling indicates that all water birds in the area will receive a dose of less than the screening limit of 10 
µGy/h at their representative occupancies.  Overall, the impact to water birds in the area is considered insignificant. 

6.2.2 Insects 
The modelling indicates that, for all tailings, insect larvae in the area will receive a dose greater than the screening 
limit of 10 µGy/h and within, but not exceeding the individual DCRL and effects range of 400 to 4,000 µGy/h.  There 
is very little information on the effects at dose rates below 4,000 µGy/h.  At dose rates greater than 4,000 µGy/h 
there are probably effects on growth rates and reproductive success.  There are no population ERL for aquatic 
insects. 
 
Overall, impact to individual single larvae in the TSF area is considered possible, however insect population effects 
are rated insignificant. 

6.2.3 Fish and Invertebrates 
No modelling was completed for any of the fish or invertebrate species as it is considered extremely unlikely, they 
will be present due to the shifting of pooling water on the TSF and poor water quality (e.g. elevated sulphate content).  
Any fish population present would also not represent part of the existing environment or exist post-closure. 

6.2.4 Amphibians 
Modelling for amphibians was conducted in the ERICA assessment although the final salinity levels in the TSF are 
expected to be in the range of 6,000 mg/L to 9,000 mg/L.  A maximum life cycle tolerance of a brackish/salt tolerant 
frog species common in Australia (Crinia signifera) was 5,000 mg/L (Hopkins et. al. 2020).   
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The modelling indicates that, for all tailings, amphibians, if present in the area during operations will receive a dose 
greater than the screening limit of 10 µGy/h, but below the ICRP DCRL of 40 - 400 10 µGy/h and ERL of 400 µGy/h 
for an occupancy of 50%.  Overall, the impact to amphibians is considered unlikely for individuals and insignificant 
at a population level. 

6.3 FLORA ASSESSMENT 
There is no readily available published data for Australian vegetation; however published factors are available in 
IAEA 2010 and the Compendium of Transfer Factors (DoE, 2003). The modelled occupancy and dose rates are 
shown in Table 16.  

Table 16:  F lora -  Occupancy,  Reference Levels,  and Dose Rate 

Critical Group Occupancy 
(%) 

DCRL1 
Individual 
(µGy/h) 

ERL2 
Population 
(µGy/h) 

Effects 
Range3 

Individual 
(µGy/h) 

Total Body Dose Rate 
(µGy/h) 

Eneabba 
Tails 

Wimmera 
Tails 

Eneabba / 
Wimmera 

Tails 
Terrestrial Flora 
Grasses and Herbs 04 40 - 400  400 - 4,000 0 0 0 
Shrub 05 40 - 400 100 - 400 400 - 4,000 0 0 0 
Tree 05 4 - 40 100 - 400 40 - 400 0 0 0 
Aquatic Flora 
Phytoplankton 100 40 - 4006 400 400 - 4,000 19.0 27.1 23.4 
Vascular plant 100 40 - 4006 400 400 - 4,000 98.7 151.6 127.1 
Zooplankton 100 40 - 4006 400 400 - 4,000 1003.0 1633.7 1346.2 

1 DCRL - Derived Consideration Reference Levels (ICRP 2009) 
2 ERL - Environmental Reference Level, where available (IAEA 1992 and UNSCEAR 2011) 
3 Dose range where health effects (reduction in reproduction success) are noted per organism group (ICRP 2008) 
4 The ionic constituents of the leach water (Ca and SO4) would not allow seeds to germinate. 
5 Establishment of trees will actively be prevented due to geotechnical concerns of roots within the facility 
embankments. 
6 Assumed similar to wild grass. 

6.3.1 Terrestrial Flora 
No modelling was completed for any of the terrestrial flora species as it is highly unlikely, they will establish on top 
of the active TSF due to ionic constituents of the tails liquor (calcium and sulphate) and continual use during 
operations.  Following closure and cover emplacement (average six metre thickness), with attenuation by distance 
and shielding effects from the rootzone, the effect on terrestrial flora was estimated to be extremely low 
(approximately 1,000 fold below screening level).  For further information refer to Section 8.5 of Appendix 5. 
 
Overall, the impact to terrestrial flora in the area is considered insignificant. 

6.3.2 Aquatic Flora 
The modelling indicates that aquatic flora will receive a dose exceeding the screening limit of 10 µGy/h at 100% 
occupancy, however the likelihood of establishment of aquatic flora during operations is considered low.  
Phytoplankton dose, for all tailings, is below the DCRL of 40 - 400 µGy/h and the ERL of 400 µGy/h.  Vascular plant 
dose, for all tailings, is within the DCRL of 40 - 400 µGy/h but below the ERL of 400 µGy/h - however establishment 
of these species within the active TSF is considered unlikely.  Zooplankton dose exceeds both DCRL of 40 - 400 
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µGy/h and ERL of 400 µGy/h and is within the effects range of 400 - 4,000 µGy/h, however this relates to a 
population that does not currently exist (would require colonisation within the TSFs) and would cease to exist at 
closure. 
 
Overall, the impact to aquatic flora in the TSF is considered insignificant with potential impacts to currently non- 
resident zooplankton only if it becomes established (dependent on pH etc.) in the TSF. 

6.4 ENVIRONMENTAL RADIATION RISK ASSESSMENT 
While a full ecological risk assessment has not yet been conducted for ERER as it would require further inputs from 
work currently in progress, a qualitative environmental radiation risk assessment based on findings of the ERICA 
assessment and RESRAD assessments was completed with consideration of the International Standard ISO 
31000:2018 - ‘Risk Management – Guidelines’ (ISO 2018).  Risk was determined based on an assessment of the 
consequence and likelihood of a potential impact.  This approach is outlined further in the following sections. 

6.4.1 Consequence Scale 
A number of aspects were considered in determining the consequence of each potential environmental impact, 
including: 

• Type of impact (direct or indirect). 

• Geographic and population versus individual impact extent, size and scale.  

• Duration, frequency and reversibility of the potential impact. 

• Whether the potential impacts are from planned or unplanned events.  

• Sensitivity of the receptor/resource and the value of the receptor/resource.   
 
The consequence ratings varied from Insignificant, through Minor, Moderate and Major, to Catastrophic.  Definitions 
are provided in Appendix 6.  In accordance with ecological risk assessment practices, consequences are primarily 
based on the potential for population/system harm. 

6.4.2 Likelihood Scale 
Likelihood is the probability of a stressor impacting on an environmental factor.  Where practicable, likelihood was 
quantified based on quantitative information or data.  Definitions for likelihood are presented in Table 17. 

Table 17:  L ikel ihood Scale 

Descriptor Explanation 

Rare  The event is extremely unlikely, only a slight chance of occurring. 
Unlikely The event could occur, but it is very improbable. 
Possible The event could occur, but there is a higher percentage chance that it will not occur. 
Likely The event should occur and there is a higher percentage chance that it will occur. 
Almost Certain The event is expected to occur in most circumstances. 

6.4.3 Inherent and Residual Risk 
Inherent risks were determined by assessing the likelihood and consequence of an impact before the application of 
mitigation or management measures.  Consequence of impacts were based on results of ERICA and/or RESRAD 
modelling detailed previously and outlined in full in Appendix 4 and Appendix 5.  ERICA and RESRAD do not factor 
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in the background level of radiation at the site which due to the presence of significant large mineral sands deposits 
would have been naturally elevated if the mineral sands remained in situ at the site.   
 
The residual risks were then determined taking into account intended application of mitigation and management 
measures outlined in the ERER RMP (ILUKA 2021c). And contaminated sites related controls which will be in place 
following the closure of the site.   
 
The level of risk (both inherent and residual) was determined using the matrix shown in Table 18. 

Table 18:  Risk Level  Matr ix  

Likelihood 
Consequences 

Insignificant Minor Moderate Major Catastrophic 

Rare  Low Low Medium High High 
Unlikely  Low Low Medium High Extreme 
Possible  Low Medium High High Extreme 
Likely Medium Medium High Extreme Extreme 
Almost Certain Medium High High Extreme Extreme 

6.5 RISK ASSESSMENT RESULTS 
The results of the assessment, which consider both inherent risk (i.e. without management or mitigating factors) and 
residual risk (i.e. accounting for management measures), are summarised in Appendix 6.  Note that the TSF design 
and TSF closure/capping design has been included within consideration of inherent risk as this was the basis of 
modelling.  Residual risk represents the changes to risk after additional control implementation (especially during 
operation and rehabilitation phases) when the material is most exposed.   
 
The risk assessment identified the inherent risk and residual risk to the receiving environment (groundwater, flora 
and fauna) to be low with insignificant residual consequences at the population levels. 
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7. CONTROLS 
Controls for mitigating radiation during operations are detailed within the ERER Radiation Management and Waste 
Management Plan (ILUKA 2021c). This section outlines some of the existing radiation mitigation measures deployed 
at the Eneabba mine site for the current operations (EP1 and EP2) and planned mitigation measures for ERER.  
Controls presented below are focussed on public health and environmental impact mitigation. Further details for 
controls relating to occupational exposure are provided in the ERER RMP (ILUKA 2021c).   
 
Mechanisms of radiation protection have been optimised so that doses are As Low As Reasonably Achievable 
(ALARA). The ALARA principle is generally regarded as the most important and the most effective of these elements 
for the control and management of radiation. 
 
Iluka's management of radiation exposure risks follows the accepted hierarchy of control (ILUKA 2021c): 

• Eliminate the hazard 

• Substitute a work process for one in with the exposure levels are decreased 

• Engineering control to prevent or reduce contact between hazard and people (e.g. shielding, ventilation, 
isolation) 

• Apply administrative controls such as signage, time restrictions, work procedures and training. 

• Personal Protective Equipment. 

7.1 DUST CONTROLS (ALPHA RADIATION) 
Emissions from the ERER may impact on nearby residents and the environment due to potential generation of dust 
containing alpha radiation. Due to the use of wet grinding and roasting to treat ERER feed, fine dust could be 
mobilised in small amounts. Additional dust may also be generated from tailings on the TSF if the tailings were to 
dry out during operations. 
 
A range of controls are in already place around the current operational plant to reduce the dust and to reduce the 
spread of any dust.  Additional potential for dust generation from ERER is limited to the refinery and the TSF.  
Planned mitigation measures include: 

• EP2 product will be pumped directly into the grinding mill and grinding will be conducted as a wet process to 
reduce dust generation. 

• Solids within the ERER TSF will be maintained below water surface to minimise dust formation. Dust 
suppression will be required after cell drainage as well as during the process of rehabilitation. 

• Sealing of the processing and packaging areas with either concrete or bitumen to allow easy recovery of 
spilled processing materials (solids and liquors).   

• Use of water carts for dust suppression along, roadways, tailings areas, and operational areas to reduce 
environmental dust (this dust is not expected to contain excessive monazite/radionuclides) 

 
Basic controls will also be in place to ensure movement of environmental dust from operational areas is minimised 
including visual dust inspections carried out throughout the shift by plant operators, plant supervisors and 
earthmoving equipment operators.   
 
Alpha counting of High-Volume dust filters collected close to the town will be conducted regularly to access if any 
changes to air quality have occurred.  
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7.2 EXTERNAL RADIATION EXPOSURE (GAMMA RADIATION) 
External gamma radiation exposure to nearby residents during operations is only applicable for contamination from 
light vehicles entering the town from site. Direct exposure from process materials is considered negligible due to 
containment of the facility and security-controlled access to the facility. A range of controls are in place to prevent 
vehicles deposited with radioactive material from leaving site. Planned mitigation measures include: 

• Vehicles that may be contaminated with radioactive material will be tested for alpha radiation to ensure it is 
less than the release value of 0.4 Bq/cm2 averaged over 300 cm2. Vehicles above the release level must be 
high-pressure washed, dried and re-tested prior to leaving site. 

• A certificate is issued by the site Radiation Safety Officer (RSO; or qualified representative/Deputy RSO) to 
accompany the cleared material. 

 
External gamma radiation exposure to local flora and fauna during operations is applicable for contamination from 
waste material deposited in the TSF and from surface water run-off. A range of controls are in place to prevent 
exposure local fauna direct exposure to the tailings waste from the ERER. Planned mitigation measures include: 

• The tailings facility will be contained with a perimeter fence to restrict access to larger animals. 

• Diversion drains and bunds are included in the TSF designed to capture contaminated runoff. This control 
isolates any contaminated surface water from impacting plants and local fauna.  

 
The post-closure management of potential exposure to radiation within the TSF include:  

• An intrusion prevention layer has been considered to prevent human, flora or fauna intrusion into the tailing's 
materials. The layer would be constructed for form a physical barrier and may include rubble, large rocks, 
bitumen, cement or concrete.  

• Memorial on title could only allow alternative land uses to farming such as solar farming, native vegetation 
etc. It is expected that this “control” period would last for up to 100 years from the closure of the site 

 
Gamma radiation monitoring will be completed prior to commencement of operations of ERER to determine baseline 
levels. Additional monitoring will occur 3-monthly in the first year of operations within a 200m radius around the 
project area and in within operation areas and pipeline corridors. 
 
Surface water monitoring will be completed during and after rainfall events. This will include visual assessment to 
ensure stormwater is contained within bunded areas.  

7.3 GROUNDWATER CONTAMINATION CONTROLS 
Groundwater contamination into the groundwater below the TSF should TSF seepage occur may impact 
downgradient residents if the groundwater is used for drinking water or irrigation. 
 
The TSF design by Woods (Ref) incorporates a number of design elements to prevent contamination of the 
underlying groundwater.  

• The waste cells in the TSF will have a low permeability clay liner beneath a HDPE foundation.  The primary 
HDPE liner is overlain with multiple layers of geofabrics, a leakage detection system, and a secondary HDPE 
liner. 

• The collection sump located at the basin of the pit, next to the downstream toe, will be filled with clean sand 
and wrapped in geofabric. A HDPE rider pipe will be installed in the collection sump to allow a water 
monitoring sensor to be lowered to the bottom for leakage determination during operations and for a suitable 
period post closure. 
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• After the closure of each TSF, a specific capping landform design will be implemented to reduce net surface 
water infiltration and avoid movement of water through the tailings through a combination of store and release 
and water shedding. 

 
Existing groundwater monitoring bores are located adjacent to the EMP and will continue to be monitored throughout 
operations of the ERER. Additional monitoring wells have also been installed at the Eneabba site as part of the 
ERER. 

7.4 ERER STACK EMISSION CONTROLS 
The majority of atmospheric emissions will be generated from the roasting and calcination processing stages of the 
ERER. The off-gas scrubbing effluent from the sulphation roast is anticipated to contain radon and other decay 
products. Planned mitigation measures include: 
 

• A scrubbing system will be used to capture and treat stack off-gasses from stack emissions. Modelling has 
shown that air quality guidelines will be met within the town of Eneabba, over 5 km away from the source. 

 
Independent stack testing will be undertaken to ensure emissions from the stack are maintained within a reasonable 
level. 
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8. SUMMARY AND CONCLUSIONS 
The purpose of this RIA was to assess the radiological impact of the waste (tailings) materials produced from the 
refinery and stored in the engineered TSF’s, on members of the public and both the surrounding environment and 
directly on top of the TSF’s.  The potential for radiation impacts from disposal of NORM waste has been assessed 
based on use of ERICA and RESRAD modelling for multiple exposure scenarios for human and environmental 
protection. The exposure scenarios included realistic cases which we would reasonably expect to occur during both 
the operational period of the TSFs, the rehabilitation period of each TSF, the institutional control period following 
the TSF closure and the period of time after the institutional controls are not likely to be in place in the future. 
 
Management of inherent risks where identified is to be carried out under the guidance of regulatory approved plans 
for radiation management (RMP) / radiation waste management (RWMP) and mine closure (MCP). Based on the 
assessments completed in this document, the overall risk associated with both operational and closed TSFs from a 
human health and environmental perspective is “low”. The “likelihood” of radiological impact to workers, members 
of the public, flora and fauna, and the environment surrounding the TSF’s being ranked as “unlikely”. The 
consequence of any impact that might occur was ranked as “insignificant” in accordance with the risk matrix. Overall, 
this risk assessment provides evidence which indicates the risk to human health and the environment from this 
ERER Project is not significant.   

8.1 HUMAN HEALTH 
Post-closure modelling was completed for members of the public onsite (within the Development Envelope) and 
offsite (outside the Development Envelope) after decommissioning and rehabilitation of the facility. Native vegetation 
is the likely final land use for the TSF facilities post-closure, and modelling indicated that exposure to members of 
the public in this instance is very low. Modelling of off-site consumption of potentially contaminated groundwater, 
from a leaking TSF, indicated that exposure to members of the public is also very low. Further modelling of less 
likely scenarios (public living on the TSFs) indicated that the exposure to members of the public, were well below 
the public health effective dose limit of 1 mSv/year, at their specified occupancies, as per the Radiation Safety Act 
and ARPANSA C1 - Code for radiation protection in Planned Situations (Schedule B). 
 
A single modelled scenario, involving breaking into the capped post-closure tailings for construction of a farm dam, 
indicated dose levels above the respective dose limits (1 mSv/y for member of public). This is a highly unrealistic 
and unlikely scenario given institutional controls, and intrusion resistant barriers and layers placed at closure over 
the tailings.   

8.1.1 Occupational Health 
This RIA addressed the impact of human health working at the TSFs during operations and rehabilitation.  The RIA 
did not address the impact to workers within the refinery, assessment of which is included in the RMP (ILUKA 
2021c).   
 
In both scenarios modelled, the exposure to workers in the refinery TSFs were below the occupational effective 
dose limit of 20 mSv/year - these being 3.28 mSv/y (16% of limit) for the operational phase and 7.46 mSv/y (37% of 
limit) during the active rehabilitation phase (limited duration).  Most of the dose received by workers will be external 
gamma radiation due to physical unshielded proximity with very little dose received from inhalation of radon, 
inhalation of contaminated dust or ingestion of soils.  The modelling was based on un-shielded workers working 
directly on top of the TSF, however, during operations workers are unlikely to spend time on top of the TSF as the 
tailing's material will be saturated and covered with water, therefore it is anticipated that workers will conduct work 
adjacent to the facility. Additionally, during rehabilitation, workers are unlikely to be directly exposed to the dried and 
consolidated material and will spend majority of their time on the TSF shielded within machinery placing the cover 
materials. 
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8.1.2 Public Health During Operations 
The risk to public health during the period of operations is significantly limited by the exclusion of access to the 
Eneabba mine site including the ERER and associated TSFs where the primary risk is from gamma exposure as 
outlined for occupational exposure.  Additional offsite potential for impacts for members of the public across EP2 
and ERER (dust exposure and vehicles leaving site) were assessed and found to be below the dose limit of 1 mSv/y.  
 
Doses from ingestion of bush tucker from near the TSF during the operational phase based on highest activity 
Wimmera tailings were calculated as a highly conservative estimate of this potential exposure pathway.  In reality, 
access during operations to members of the public for gathering bush tucker is very unlikely.  The assessed 
maximum dose was 0.96 mSv/y (96% of dose limit). Levels from post closure consumption will be significantly lower 
due to distance and shielding provided by the TSF covers.   

8.1.3 Public Health Post Closure 
Four potential pathways and post closure settings were modelled (Appendix 4) for potential public health impacts 
following the closure and rehabilitation of the TSFs as per the RWMP and MCP: 

• Post closure Native Vegetation - Return of the TSF surface to native vegetation with occasional access for 
land management e.g. weed control or fire management. This is the most likely post-closure scenario. 

• Post Closure Groundwater consumption - Members of the public consuming groundwater 1 km down 
hydraulic gradient from the TSF with liner systems constantly leaking (i.e. groundwater pathway leading to 
contaminated drinking water included). 

• Post closure Residential Farmer - Farm dwelling (95% occupancy) directly on surface of the TSF. Due to 
institutional controls, this is an unlikely scenario. 

• Post Closure Intrusion (post institutional control) - Construction of a farm dam (water storage) directly into 
the TSF surface attended by a nearby resident farmer 10% of the time. Due to obvious and physically limiting 
intrusion controls in the TSF cover, this is an unlikely scenario. 

 
Returning the TSF surface and surrounding area to native vegetation is the most likely post-closure scenario. The 
maximum yearly dose for the land managers accessing this land is below 0.001 mSv/y for all tailings disposed in 
the facility.  These dose rates are well below the Public Effective Dose Limit of 1 mSv/y and present a very low risk 
to public health for this scenario. 
 
Post-closure off-site groundwater consumption is a potentially likely scenario. Modelling was conducted on a very 
conservative high level basis of consistently leaking facility (considered to be highly unlikely given the proposed 
double liner system, clay base and depth of cover being insufficient for net permeation). Under this scenario for 
continual contamination the groundwater, the maximum yearly dose for members of the public 1 km down-gradient 
of the TSF facility was still 0.2 mSv/y or below for all tailings disposed in the facility with this maximum some 20,000 
years post closure. These dose rates are well below the Public Effective Dose Limit of 1 mSv/y and present a very 
low risk to public health even for this scenario. Considering that the actual closest human receptors are based at 
Eneabba town, approximately 5.5 km away from the TSFs, and at a location across-gradient of ground water flow, 
it is not foreseen that potential groundwater contamination would influence Eneabba town, even if the liner system 
is constantly leaking. During the institutional control period, a memorial on title could also be placed under the 
Contaminated Sites Act 2003, to prevent groundwater extraction as administrative control. 
 
A scenario modelled was for a resident farmer living in a dwelling located on top of the TSF. Modelling indicated 
dose levels below the Public Effective Dose Limit of 1mSv/y for the farmer and present low risk to public (residential 
farmer) health. Due to institutional controls this is a highly unlikely scenario. 
 
A final scenario modelled was for instruction into the capped post closure tailings for construction of a farm dam. 
Modelling indicated a maximum yearly dose to members of the public up to 5.4 mSv/y for Wimmera waste. This is 
a highly unlikely scenario due to multiple layers within the TSF cover including drainage layers, intrusion prevention 
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layers, liners and geotextiles.  Excavating through these layers may make it more difficult depending on machinery 
used and there would be visible signs of previous tailings burial. Additionally, water quality within the dam would be 
poor due to gypsum content and other contaminants. 

8.2 ENVIRONMENTAL RISK 
The objective of the environmental assessment is to ensure maintenance of robust fauna populations.  This involves 
demonstrating that radiation exposures are of no regulatory concern in relation to the maintenance of biological 
diversity, conservation of species, or on the health of natural ecosystems (ARPANSA 2015).  Current modelling 
completed is based on exposures during both the operations and active rehabilitation phases where the tailings is 
directly exposed and potential for radiation exposure is highest. 
 
A qualitative risk assessment, based on the results of exposure assessment and dose rate estimates, indicated that 
the risk associated with all potential ecological impacts of tailings storage are either as low as reasonably achievable 
(ALARA) with existing management approaches, or can be reduced to ALARA with practical and widely adopted 
best practice management approaches.  On the basis of these findings, the storage of tailings with elevated but 
insoluble thorium radionuclide activity concentrations appears feasible without resulting in significant ecological 
impacts.  This assessment is contingent on the assumption that appropriate management actions will be 
implemented. 

8.2.1 Terrestrial Fauna 
The natural fauna habitats that occur in the area are a mix of heathland and woodland on sand/dunes that can 
include Eucalyptus and Banksia species, and support conservation significant fauna species such as Carnaby’s 
Black Cockatoo.  Assessment of potential impacts to birds were less than the default screening limit of 10 µGy/h 
and potential for impact considered insignificant. 
 
For reptiles (including the Carpet Python and Black Striped Snake) in all tailings, an individual reptile living in the 
vicinity of the TSF (50% occupancy) will receive a total body dose greater than 40 µGy/h and hence above the 
DCRL and within the potential effects range.  The assumption of 50% occupancy though is highly conservative given 
the lack of expected habitat immediately adjacent the TSFs (the TSFs are located within a brownfields mine site 
with cleared or partially rehabilitated land surrounding the TSFs).  The effects would likely to be limited to a very few 
individual snakes with potential reduction in reproduction success during the operations phase only.  Overall, the 
impact to reptile population locally and regionally is considered insignificant.   
 
Other fauna types with the exception of burrowing animals were below the screening and/or DCRL for inherent risk. 
Individual burrowing animals (if present) have potential for reduction in reproduction success, however modelled 
dose rates/inherent risk still ignores operational controls that would reduce access and occupancy periods such as 
fencing. 

8.2.2 Aquatic Fauna 
The modelling of aquatic fauna species residing or likely to reside in the Eneabba area identified dose rates either 
below the initial screening limit of 10 or below the environmental reference limits.  The impact to aquatic fauna in 
the area is considered insignificant.  The water the TSF's would not provide sufficient breeding or foraging habitat, 
including habitat for establishment of vascular plants, to support a resident bird population due to the lack of food 
source, salinity and elevated sulphate.  It is assumed water birds would only use the facility as a temporary resting 
area. 
 
For all tailings, aquatic insect larvae in/on the TSFs will receive a dose greater than the screening limit of 10 µGy/h 
(1,000 to 1,800 µGy/h) and within, but not exceeding the individual DCRL and effects range of 400 to 4,000 µGy/h.  
There is very little information on the effects at dose rates below 4,000 µGy/h for insects.  At dose rates greater 
than 4,000 µGy/h there are probably effects on growth rates and reproductive success.  There are no ERL for 
aquatic insects and the risk to population health is considered insignificant. 
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8.2.3 Terrestrial Flora 
Specific modelling was not completed for any of the terrestrial flora species during operations as it is considered 
highly unlikely that they will establish on top of the active TSFs due to ionic constituents of the tailings liquor (calcium 
and sulphate) and continual use during operations.  Following closure and cover placement (average six metre 
thickness), with attenuation by distance and shielding effects from the rootzone, the effect on terrestrial flora was 
extremely low (approximately 1,000 fold below screening level).  For further information refer to Section 8.5 of 
Appendix 5. 
 
Overall, the impact to terrestrial flora in the area is considered negligible. 

8.2.4 Aquatic Flora 
The modelling indicates that all aquatic flora will receive a dose exceeding the screening limit of 10 µGy/h at 100% 
occupancy.  Phytoplankton dose, for all wastes, is below the DCRL of 40 - 400 µGy/h and the ERL of 400 µGy/h.  
Vascular plant dose, for all wastes, is within the DCRL of 40 - 400 µGy/h, but below the ERL of 400 µGy/h - however 
establishment of these species within the active cells is considered unlikely.  Zooplankton dose exceeds both the 
DCRL of 40 - 400 µGy/h and ERL of 400 µGy/h and is within the effects range of 0.400 - 4,000 µGy/h however 
relates to a population that does not currently exist (it would require colonisation within the TSF's) and would cease 
to exist at closure as the decant ponds dry up. 
 
Overall, the impact to aquatic flora in the Eneabba area is considered insignificant with potential impacts to currently 
non-resident zooplankton only if it becomes established (dependent on pH etc.) in the TSF. 
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10. GLOSSARY OF TECHNICAL TERMS 
Term Explanation 

Absorbed Dose Referred to as Exposure. The ionising energy received from a radioactive source. 
Measured in Grey (Gy) 

Activity The amount of radiation emitted from a source. Measured in Becquerel (Bq) 
ALARA As Low as Reasonably Achievable 
ANSTO Australian Nuclear Science and Technology 
ARPSANA Australian Radiation Protection and Nuclear Safety Agency 
Bq Becquerel. The number of particles or photons emitted from a source every second. 
DMIRS Department of Mines, Industry, Regulation and Safety 
EMCL Environmental Media Concentration Limits 
EMP Eneabba Monazite Pit 

Equivalent Dose The absorbed dose weighted on the harmful effects of different types of radiation (α, β, γ). 
Measured in Sievert (Sv). 

Effective Dose The equivalent dose weighted on the susceptibility of different tissues. Measured in Sievert 
(Sv). 

Exposure Also referred to as Absorbed Dose. The radioactive energy received from a radioactive 
source. Measured in Grey (Gy). 

Gy Grey. Measure of ionising energy received from a radioactive source. 
IAEA International Atomic Energy Agency 
ICRP International Commission on Radiological Protection 
Ionizing Radiation High enough energy travelling as waves or particles to remove an electron from an atom. 
Monazite Phosphate mineral containing rare earths. 
MSP Mineral Separation Plant 
Radionuclide An element with an unstable nucleus 

NORM 
Naturally Occurring Radioactive Material - materials which contain any of the primordial 
radionuclides or radioactive elements as they occur in nature - including radium, uranium, 
thorium, potassium and their decay products.   

Rad Council Radiological Council 
Radiation Energy travelling as waves or particles 

Radioactive Waste A material with an activity content or concentration above a predefined level, for which no 
further use is foreseen (RPS C-3). 

Radionuclide An unstable atom that will spontaneously emit nuclear radiation in order to achieve stability. 
RE Rare Earth 
RERE Rare Earth Refinery 
RIA Radiation Impact Assessment 

Secular Equilibrium 
The quantity of radionuclides within a decay chain are constant. Only occurs when the 
parent radionuclide has a much longer half-life than the daughter isotope. Equilibrium takes 
several half-lives of the daughter isotope to establish. 

Sv Sievert. Measure of equivalent ionising radiation dose. 
SX Solvent Extraction 
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Term Explanation 

TENORM Technologically Enhanced NORM.  NORM that has been concentrated or further altered by 
having been processed or beneficiated in a way that increases potential for exposures. 

TSF Tailings Storage Facility 
UNSCEAR United Nations Scientific Committee of the Effects of Atomic Radiation 
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Thorium Decay Chain Half Lives Uranium Decay Chain Half Lives 

Radionuclide Half Life* Radionuclide Half Life* 
232Th 14 Billion Years 238U 4.5 Billion Years 
228Th 2 Years 234U 250,000 Years 
228Ac 6 Hours 234Pa 1 Minute 
228Ra 6 Years 234Th 24 Days 
224Ra 4 Days 230Th 75,000 Years 
220Rn 1 Minute 226Ra 1,600 Years 
216Po 0.1 Seconds 222Rn 3.8 Days 
212Po 3x10-7 Seconds 218At 1.5 Seconds 
212Bi 1 Hour 218Po 3 Minutes 
212Pb 10 Hours 214Po 1.6x10-6 Seconds 
208Tl 3 Minutes 210Po 138 Days 

208Pb Stable Isotope 214Bi 20 Minutes 

  210Bi 5 Days 

  214Pb 27 Minutes 

  210Pb 22 Years 

  210Tl 1.3 Minutes 

  206Tl 4.2 Minutes 

  206Hg 8.3 Minutes 

  206Pb Stable Isotope 

*Half-lives from A survey of Naturally Occurring Radioactive Material Associated with Mining. ARPSANA 2012. 
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Executive Summary 

Iluka Resources Ltd (Iluka) is planning to process a stockpile of Eneabba monazite (and other 

heavy minerals) to recover rare earths. The planned process is similar to the one developed 

for the Wimmera deposit and piloted at ANSTO in May and June 2019. The present work 

comprised experimental assessment of the WIM process on the Eneabba concentrate, with a 

focus on the waste treatment process and waste leachability.  

In summary: 

• The roast – leach process gave better rare earth extractions on Eneabba concentrate 

than it had on WIM concentrate (⁓97% vs ⁓90%) 

• The FeP purification process removed > 90% of P, giving a barren liquor with < 500 

mg/L P. Rare earth losses in phosphate precipitation were 5% for La, 20% for Ce and 

1.2% for Nd (similar to RE losses in the comparable WIM pilot plant). 

• Aluminium precipitation removed 86% of Al from solution, leaving a barren liquor with 

20 mg/L Al. Light RE losses were negligible but average precipitation of MREs and HREs 

was 12%. These values are in keeping with the results of the Wimmera pilot plant. 

• Filtration rates were measured for slurries from the leach, phosphate precipitation, Al 

precipitation and the waste neutralisation circuit. Pressure filtration rates (form only 

solids) were 58 kg/m2h for leach slurry, 652 for purification slurry, 97 kg/m2h for Al 

precipitation slurry and 849 – 1,000 kg/m2h for neutralised waste.  

• Flocculant M155 was shown to be effective for settling the Al precipitation slurry. 

Without any pre-treatment (concentration or dilution) the flocculated Al slurry had a 

free settling rate of 2.1 m/h and a settled bed volume 2.2% of feed volume (i.e. 

potential dewatering of 98%). Solids content increased from 0.13% in the feed to 5.7% 

in the settled bed. It might be possible to achieve a higher solids content with a 

dynamic (raked) thickener.   

• Radionuclide deportment across the process was studied and the following conclusions 

made: 

o Some U, Th, Pb and Po dissolved in the leach. All or nearly all of the Th, Pb and 

Po re-precipitated in the FeP purification step. Uranium deportment was more 

complex: about 23% reported to purification solids and 18% to Al precipitation 

solids. The Al precip solids will be recycled in the plant causing some minor 

build-up but U in the liquor post Al precipitation will report to U IX. 

o Radium extraction was very low and the small amount that dissolved then 

re-precipitated in the purification circuit.  

o A low Ac-227 accountability is consistent with Ac-227 reporting to the Al 

precipitation filtrate along with the REs. Ac-227 is expected to follow the light 

rare earths and report to the solvent extraction plant.  

• In ASLP leachability testing, for contaminant metals where a guideline value is given, 

the measured concentrations did not exceed, and were well below, the respective 

upper limits given in the guideline. 



Report to Iluka Resources   

 

ANSTO/C1731 - Waste Treatment for Eneabba Project  Page ii 

Recommendations 

Data from this work can be used make a preliminary comparison between the WIM process 

and process equipment to those planned for the Eneabba process. The ASLP results can be 

used to inform environmental assessments in relation to the processing of Eneabba monazite. 
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1. Introduction 

Iluka Resources Ltd (Iluka) is planning to process a stockpile of Eneabba monazite (and other 

heavy minerals) to recover rare earths. The planned process is similar to the one developed 

for the Wimmera deposit and piloted at ANSTO in May and June 2019 but adapted and 

simplified as per Figure 1.1. Unit operations include: 

1) Sulphation baking; 

2) Quench leaching; 

3) Repulp washing (to recover REs from filter cakes); 

4) Purification (iron and phosphate precipitation by pH adjustment) 

5) Aluminium precipitation (by pH adjustment); 

6) Ion exchange (to remove U); 

7) Solvent extraction to convert a rare earth sulphate liquor to a rare earth chloride liquor;  

8) Solvent extraction to separate the rare earths; and 

9) Precipitation and solid / liquid separation for the separated rare earths. 

In this work, all waste streams were generated (some synthetically), combined and neutralised 

with limestone and lime. In the process the solids from the neutralisation step are recovered 

by thickening and/or filtration with some or all of the precipitate being recycled for use as an 

alkali in the iron and aluminium precipitation circuits. It is planned that the neutralised liquor 

will be passed to the ocean, but the flow sheet has not been finalised and it may be necessary 

to soften the liquor with soda ash, acidify it with sulphuric acid then recover clean water with 

a membrane plant. For the purposes of this testwork program, softening was not included. If 

the water is softened, nanofiltration brine could be diverted to solar evaporation cells and/or 

recycling. The solid waste residues are to be combined for disposal. 

After generation, the combined solid residue was subjected to leachability tests. The softened 

and acidified effluent will be evaporated to prepare a sample of the sodium sulphate residue. 

All streams going into or out of the process will be analysed.  
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Figure 1.1 Flow Diagram for Eneabba Rare Earth Process (courtesy of Iluka) 
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2. Objectives 

The main objective of the work is to assess the leachability characteristics of the Eneabba 

waste.  

Additional objectives are shown below: 

• Determination of process performance data (reagent requirements, elemental 

deportment, solids generation at each step) at the WIM optimised process conditions; 

• Radionuclide deportment across the process, with particular focus on waste treatment. 

• Check on thickener sizing for the neutralisation and softening slurries; 

• Indicative filtration rates (pressure only); and 

• Estimate water recovery via nanofiltration and salt production via evaporation. 

3. Sample Preparation 

Feed was prepared by blending, in ratios predicted by the Iluka mass balance, all of the 

expected liquor and solid waste streams. Samples representing the bake – leach residue, 

phosphate removal precipitate and aluminium removal precipitate were prepared by 

performing lab scale tests as described in Sections 3.1 to 3.3. In addition to preparing feed 

for the waste treatment work, settling and filtration data was collected and samples were taken 

for a radionuclide survey.  

3.1 Bake – Leach 

Samples of washed leach residue and pregnant leach solution were prepared by performing a 

sulphation bake and water leach under the WIM conditions as shown in Tables 3.1 - 3.2. The 

results are summarised in Tables 3.3 - 3.5 and the complete set of data is presented in 

Appendix A. Acid loss during the bake was 7%. Mass loss from concentrate to residue was 

80% and rare earth extraction (average of all RE+Y) was 97%. The filtrate contained 7.4 g/L 

P and the displacement wash liquor contained 3.5 g/L P. Solids content of the final slurry was 

quite low at 1.3%.   

The leach was performed with a target of 30 g/L RE+Y in the PLS (which is close to the 

solubility limit) assuming 90% extraction (which was typical in previous work). In this work, 

however, extraction was higher than expected, so the PLS contained 35 g/L RE+Y. The process 

flowsheet shows the leach residue being mixed with slurry from the phosphate precipitation 

step for repulp washing, however it was not possible to replicate this in the present work, so 

the leach residue was displacement and repulp washed with DI water.  

Vacuum filtration rate to form a 30 mm cake was fairly slow with form only slurry filtration rate 

being 514 kg/m2h and solids filtration rate being 17 kg/m2h (form only solids filtration). The 

washed cake was very wet at 85% moisture and hand working did not cause any more 

dewatering. A pressure filtration test gave a form only slurry filtration rate of 2,692 kg/m2h 

but the validity of that test is limited because the cake was only 2 mm thick (a pressure filter 

would be expected to make a 20 – 30 mm cake). The cake was thin because the pressure 

filter test unit can only take a 150 mL sample and has a fixed internal diameter of a 55 mm. 

Loss on drying of the pressure filter cake was 73%.  
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It is understood from the proposed flowsheet that the slurry will not be thickened but a static 

settling test was performed when the opportunity arose. Neat, un-flocculated slurry settled at 

7.4 m/h, gave a supernatant clarity of < 20 NTU and a 24 h settled bed volume 35% of feed 

volume. Solids content increased from 3.4% in the feed to 9.6% in the settled bed.  

Table 3.1 

Conditions in Sulphation Bake 

Parameter Value 

Temperature (°C) 260 

Time at temperature (h) 3 

Mixing Manual 

Reagent AR grade H2SO4 (98%) 

Acid dose (g/kg concentrate) 1,250 

Reactor type Pyrex dish with lid 

 

Table 3.2 

Conditions in Leach 

Parameter Value 

Temperature (°C) Ambient 

Mixing time (h) 2 

Mixing Overhead impellor 

Reagent DI water 

Target concentration of REs (g/L) 30 

Reactor type Baffled stainless steel tank 
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Table 3.3 

Results from Bake – Leach 

  
Feed  
Con 

(wt%) 

Products 
Extractions 

(%) Leach 
residue 

(wt%) 

PLS 

(mg/L) 

Disp wash 

(mg/L) 

Al 1.1 2.7 310 184 40 

Ca 0.7 0.2 375 284 94 

Fe 1.5 4.3 330 195 32 

Mg 0.09 0.28 29 17 29 

P 11 7.8 7,398 3,509 82 

U 0.25 0.05 159 87 95 

Th 5.7 9.8 2,124 1,115 59 

LRE 41 5.4 32,797 15,951 97 

MRE 1.9 0.22 1,303 716 97 

HRE+Y 1.9 0.46 1,183 675 94 

TRE+Y 45 6.0 35,284 17,343 97 

 

Table 3.4 

Form Filtration Data from Bake – Leach Slurry 

Type of Test Vacuum Vacuum Pressure 

Suction / pressure 67 mm Hg 
670 mm 

Hg 
1.5 Bar 

Cake thickness (mm) 4 30 2 

Form only slurry capacity (kg/m2/h) 1,865 503 2,692 

Form only solids capacity (kg/m2h)  43 17 58 

Wash rate (kg/m2/h) - 102 - 

Liquor recovery (%) 97 80 93 

Solids content of slurry (% w/w) 2.3 3.4 2.2 

Cake loss on drying (%) 70 85 73 

Paper type 238 238 238 
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Table 3.5 

Settling Data for Bake – Leach Slurry 

Flocculant none 

Free settling rate (m/h) 7.4 

Settled bed volume (% of slurry) 35 

Overflow turbidity (NTU) <20 

    

Solids content of feed (%) 3.4 

Solids content of settled bed (%) 9.8 

 

3.2 Purification 

Purification involved phosphate removal by reaction with ferric and alkali at pH 3.2 as per the 

conditions shown in Table 3.6. The concentration of phosphorus decreased from 6.8 g/L in 

the feed to < 500 mg/L in the barren liquor, indicating at least 90% precipitation. Lanthanium 

precipitation was 4.9%, Ce precipitation 20% (probably due to oxidation), and Nd precipitation 

was 1.2%. For all other rare earths, the losses were very low. These results are in keeping 

with previous work [2]. The reacted slurry was 12% solids. Vacuum filtration gave a form only 

solids capacity of 202 kg/m2h for a 10 mm cake and pressure filtration have a form only solids 

capacity of 652 kg/m2h for a 5 mm cake. The results are summarised in Tables 3.7 and 3.8 

while the full set of data is presented in Appendix A.  

Table 3.6 

Conditions in Phosphate Precipitation 

Parameter Value 

Temperature (°C) Ambient 

Mixing time (h) 3 

Mixing Overhead impellor 

Target ORP (mV vs Ag/AgCl) 570 – 600 

Target Fe:P (molar ratio) 1.2 – 1.4 

Target pH 3.2 

Oxidant Hydrogen peroxide 

Source of Fe Ferric (FeIII) sulphate 

Alkali Magnesia / gypsum slurry (30% solids) 

Reactor type Baffled stainless steel tank 
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Table 3.7 

Results from Purification 

  
Feed 

(mg/L) 

Products  
Precipitations 

(%) Precipitate 

(wt%) 

Purified 

liquor 
(mg/L) 

Al 290 0.079 197 10 

Ca 361 18 690 - 

Fe 308 7.3 50 79 

Mg 27 1.04 14,741 - 

P 6,781 2.8 500 90 

U 149 0.025 90 20 

Th 1,995 1.0 47 97 

La 6,649 0.32 4,769 4.9 

Ce 16,949 0.68 10,229 20 

Nd 5,103 0.26 3,802 1.2 

Tb 47 <0.01 41 0 

Dy 193 <0.01 155 0 

LRE 30,123 1.3 19,898 12 

MRE 1,210 0.063 1,020 0 

HRE+Y 1,102 0.11 890 0 

TRE+Y 32,435 1.5 21,808 11 

 

Table 3.8 

Filtration Data from Phosphate Precipitation 

Type of Test Vacuum Pressure 

Suction / pressure 670 mm Hg 1.5 bar 

Cake thickness (mm) 10 5 

Form only slurry capacity (kg/m2/h) 1,265 6,354 

Form only solids capacity (kg/m2h)  202 652 

Wash rate (kg/m2/h) - - 

Liquor recovery (%) 72 82 

Solids content of slurry (% w/w) 16 10 

Cake loss on drying (%) 59 57 

Paper type 225 225 
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3.3 Aluminium Precipitation 

Aluminium and other impurities were removed from the phosphate precipitation liquor by 

adjustment to pH 5.5 as per conditions in Table 3.9. Aluminium precipitation was 85% giving 

a barren liquor with 20 mg/L Al. This is a slightly higher barren liquor concentration than was 

typical of the Wimmera pilot plant, where Al barrens were typically ⁓2 mg/L Al [2]. Most 

impurities were completely removed. The iron content of the barren was < 1 mg/L and P < 

50 mg/L. Rare earth losses were quite low, ranging from <1% for the major REs to ⁓10% for 

most trace REs. Rare earth losses were about the same in this test as in the Wimmera pilot 

plant [2].    

Solids content of the slurry was very low at 0.13%. The flowsheet includes a thickener to 

recover the liquor. M155 gave good flocculation in screening tests and a free settling rate of 

2.1 m/h and a settled bed density of 5.7%. The slurry is thus amenable to thickening. Vacuum 

filtration of the whole (un-settled) slurry saw a form only slurry filtration rate of 9,183 kg/m2h 

and pressure filtration gave a form only slurry filtration rate of 29,282 kg/m2h. In both cases 

the cake formed was only ⁓1 mm thick. The pressure filtration data suggests the slurry might 

be amenable to a polishing filter, if it was required. 

Table 3.9 

Conditions in Aluminium Precipitation 

Parameter Value 

Temperature (°C) Ambient 

Mixing time (h) 2 

Mixing Overhead impellor 

Target pH 5.5 

Alkali Magnesia slurry (30% solids) 

Reactor type Baffled stainless steel tank 
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Table 3.10 

Results from Aluminium Precipitation 

  
Feed 

(mg/L) 

Products  
Precipitations 

(%) Precipitate 
(wt%) 

Purified 

liquor 

(mg/L) 

Al 137 8.3 20 86 

Ca 601 2.2 467 28 

Fe 35 4.1 1.0 97 

Mg 10,423 2.2 8,704 22 

P <336 0.7 <50 - 

U 64 2.0 36 48 

Th 33 2.6 <1 97 

La 3,426 2.1 3,894 0 

Ce 7,249 6.3 7,684 0 

Nd 2,713 3.9 2,829 0 

Tb 29 0.1 26 16 

Dy 111 0.3 106 11 

LRE 14,172 13.2 15,189 1.8 

MRE 725 1.3 690 12 

HRE+Y 632 1.6 609 12 

TRE+Y 15,529 16.1 16,488 9.5 

Table 3.11 

Filtration Data from Aluminium Precipitation 

Slurry Al slurry Al slurry 

Type of Test Vacuum Pressure 

Suction / pressure 670 mm Hg 1.5 bar 

Cake thickness (mm) 1 1 

Form only slurry capacity (kg/m2/h) 9,206 29,282 

Form only solids capacity (kg/m2h)  13 97 

Wash rate (kg/m2/h) - - 

Liquor recovery (%) 99.7 92 

Solids content of slurry (% w/w) 0.14 0.33 

Cake loss on drying (%) 65 90 

Paper type 225 225 
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Table 3.12 

Floc Screening Data for Aluminium Hydroxide Slurry 

Sample ID Al slurry 

Best M155 

Somewhat effective M10 

Ineffective M333, M919 

 

Table 3.13 

Settling Data for Aluminium Hydroxide Slurry 

Sample ID Al slurry 

Flocculant M155 

Dose (g/t solids) 6.4 

Free settling rate (m/h) 2.1 

Settled bed volume (% of slurry) 2.2 

Overflow turbidity (NTU) <20 

    

Solids content of feed (%) 0.13 

Solids content of settled bed (%) 5.7 

 

3.4 Preparation of Synthetic Feed 

Synthetic samples were prepared to represent scrubber liquor, IX eluent and the various 

sulphate and chloride streams generated by the solvent extraction processes. The streams are 

summarised in Table 3.14 and below. Assays and recipes are presented in Appendix B.  

3.4.1 Roast Off-Gas Scrubber Slurry  

The scrubber operates by reacting the acidic off gas with limestone, which generates gypsum 

(CaSO4). A sample representing this slurry was prepared by mixing sulphuric acid with 

limestone.  The acid required was 7% of the mass of acid added to the roast, as this was the 

amount lost during the bake. The acid was then neutralised to pH 7 with a stoichiometric 

amount of limestone.  

3.4.2 Ion Exchange Eluent 

A synthetic sample of the U IX eluent was prepared by diluting a pre-existing U sulphate stock 

with DI water. The mass of IX eluent required was calculated from the following data:  

• Feed to IX (Al precipitation barrens) = 60.5 m3/h at 35 mg/L U  

• Eluent concentration of 1.8 g/L U.   

• Mass flow of eluent will therefore be 1.2 m3/h.  

The preparation comprised diluting a concentrated stock of uranyl sulphate to 1.8 g/L and 

adjusting to 10% H2SO4.  
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3.4.3 Raffinate from RE SX 

The RE SX model predicts that raffinate from the first stage of SX will contain 246 mg/L La, 

327 mg/L Ca, 6.1 g/L Mg, 14.2 g/L S and a free acidity of 0.2 M H2SO4. A synthetic sample 

was prepared by spiking water with lanthanum carbonate, lime, magnesium sulphate, sodium 

sulphate and sulphuric acid in appropriate proportions. This liquor was then neutralised to pH 

10.5 with lime and held at pH for 1 hour before filtration (to mimic the MgO recovery process).  

3.4.4 Chloride Wastes from RE SX 

Modelling predicts that the RE SX chloride wastes will contain 300 mg/L La, 92 g/L Cl, 60 g/L 

Na and 0.013M HCl. A synthetic sample was prepared by spiking water with lanthanum 

carbonate, sodium chloride and hydrochloric acid.  

3.4.5 Barrens and Wash from RE Oxalate Circuits 

Modelling predicts that barren liquor from the oxalic acid precipitation circuits will be 42 g/L 

chloride, 30 g/L Na and 0.06M H2CO4. The wash is similar but more dilute. A sample was 

prepared from reagent grade sodium chloride and oxalic acid.  

3.4.6 Barrens from RE Carbonate Circuits 

The barren liquor from carbonate precipitation is expected to be very dilute at 1.2 g/L Cl and 

840 mg/L Na and 0.0016 M Na2CO3. A sample was prepared from reagent grade sodium 

chloride and sodium carbonate.  

4. Waste Neutralisation 

The feeds described in Section 3 were mixed in ratios drawn from the mass balance, amended 

slightly to reflect learnings derived from the present work (see Table 4.2). The slurry was 

then neutralised with limestone (to pH 5) and lime (to pH 10.5). Conditions for the 

neutralisation were taken from previous work for the WIM process [1] and are shown in Table 

4.1. The feed solution was pH 1.7. Neutralisation to pH 5 required 27 g of limestone (as dry 

reagent) per kg of feed slurry and neutralisation from pH 5 to pH 10 required 5.7 g of lime (as 

dry reagent) per kg of feed slurry. In this test, pH was slightly overshot to pH of 12 as the pH 

response is quite sharp towards the end of the titration (see Figure 4.1). Solids content of 

the slurry increased from 2.8% in the feed to 8.0% in the neutralised mixture. The slurry 

filtered well in both vacuum and pressure filtration tests. Vacuum filtration form only slurry 

filtration rate was 1,467 kg/m2h and form only solids filtration rate was 118 kg/m2h. The cake 

was 56% moisture and 20 mm thick. Pressure filtration slurry filtration rate was 11,205 – 

11,471 kg/m2h and form only solids filtration rate was 849 – 1,002 kg/m2h. The cakes were 8 

– 10 mm thick and 55 - 61% moisture (see Table 4.4). 
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Table 4.1 

Conditions in Waste Neutralisation 

Parameter Condition 

pH target in limestone addition step 5 

pH target in lime addition step 10.5 

Temperature 35°C 

Time at each pH 1 h 

 

 
Figure 4.1 pH Data from Neutralisation Test 



Progress Note ANSTO/C1731 to Iluka Resources   

 

 

Waste Treatment for Eneabba Project   Page 13 

Table 4.2 

Mass Flows for Feed to Neutralisation Test 

 

solids liquids total solids liquids total

Concentrate 3421 Monazite 2.0 0.0 2.0 23 0 23 100 riffle split

RE OG scrubber 1 blowdown 4184 gypsum slurry 0.6 3.4 4.0 7 39 45 15 from reagents 7/01/2021

Washed leach residue slurry 4395 Gangue 7.2 21.5 28.6 82 247 329 25 lab scale test 6/01/2021

Fe phosphate precip filter cake 4495 Gypsum + ferric phosphate 6.7 10.1 16.8 77 116 193 40 lab scale test 13/01/2021

Al precip U/F slurry 4559 AlOOH 0.1 0.3 0.3 0.9 2.9 4 23 lab scale test 20/01/2021

IX eluent 4603 1.8 g/L U in 10% H2SO4 0.0 1.2 1.2 0.0 14 14 0 from reagents 29/01/2021

MgO precip barrens (SX1 barrens at pH 11) NA sulphate brine 86 86 989 989 0 from reagents 29/01/2021

SX Cl waste NA chloride brine 13 13 147 147 0 from reagents 29/01/2021

Precip H2C2O4 filtrates NA barren liquor from RE precip 7.0 7.0 80 80 0 from reagents 29/01/2021

Precip Na2CO3 filtrates NA barren liquor from RE precip 13 13 147 147 0 from reagents 29/01/2021

Precip H2C2O4 spent wash NA washates 11 11 122 122 0 from reagents 29/01/2021

Precip Na2CO3 spent wash NA washates 36 36 415 415 0 from reagents 29/01/2021

Feed to neutralisation all Mixed waste 17 260 279 200 2,991 3,209 6.2 various 2/02/2021

Date 

prepared

Preparation

method

solids 

content 

(%)

MB values (t/h)

Description
Stream

ID

Testwork values (g)
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Table 4.3 

Results from Waste Neutralisation  

  

Feed Products 
Precipitations 

(%) Solids 

(wt%) 

Liquor 

(mg/L) 

Precipitate 

(wt%) 

Purified 
liquor 

(mg/L) 

Al 0.39 4.5 0.19 <1 79 

Ca 33 275 26 1,452 - 

Cl - <100 - - - 

Fe 13 1.5 4.1 <1 39 

Mg 1.86 332 1.1 <1 100 

Na 0.03 6,325 0.28 5,179 23 

P 5.5 16 1.8 <1 94 

S 29 1,157 10 781 37 

U 0.06 14 0.04 <1 93 

Th 2.5 4.4 0.92 <1 79 

LRE 2.8 524 1.4 <4 99 

MRE 0.1 25 0.1 <3 89 

HRE+Y 0.2 22 0.1 <8 66 

TRE+Y 3.2 572 1.6 <15 98 

 

Table 4.4 

Filtration Data for Waste Neutralisation 

Type of Test Vacuum Pressure Pressure 

Suction / pressure 670 mm Hg 1.5 bar 1.5 bar 

Cake thickness (mm) 20 8 8 

Form only slurry capacity (kg/m2/h) 1,467 11,205 11,471 

Form only solids capacity (kg/m2h)  118 1,002 849 

Wash rate (kg/m2/h) 393 - - 

Liquor recovery (%) 89 86 89 

Solids content of slurry (% w/w) 8.0 8.9 7.4 

Cake loss on drying (%) 56 55 61 

Paper type 225 225 225 
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5. Radionuclide Deportment 

A summary of radionuclide flow through the process is provided in Table 5.1.  

Table 5.1 

Radionuclide Deportment 

 

* Mass flows adjusted to match testwork conditions. 
** Pb-210 calculated from ratio of elemental lead to Pb-210 in the feed and Pb in the residue. Th-230 calculated from ratio of 
Th-232 to Th-230 in the feed and Th-230 in the residue. 

 

5.1 Uranium 

Elemental U extraction in the leach was 95%. Precipitations were 20% in the FeP process, 

48% in the Al precipitation process. Precipitation in waste neutralisation appears to have been 

complete as the neutralised liquor was < 1 mg/L U (<0.002 Bq/L U-238 and < 0.0004 Bq/L U-

Sample ID Feed Residue Liquor Solids Liquors Solids Liquors Solids Liquor Evaporite

Stream ID 3421 4278 4293 4495 4495 4559 4559 6503 6505 - -

Mass flow (t/h in MB) 2.03 0.40 38 6.7 10 0.07 0.25 7.2 3.5 - -

Mass flow (t/h adjusted*) 2.03 0.41 26 5.0 40 0.05 0.13 11 124 2.52 -

Concentrations (Bq/g or Bq/L)

U-238 Decay Chain

U-238 31 6.1 1,970 2.9 1,120 250 440 2.4 <0.002 <0.12 -

Th-230 31 100 2,500 19 <15 21 <12 4.9 ** <0.003 <0.15 -

Ra-226 30 130 16 0.084 <0.18 0.07 <0.15 3.4 0.0047 0.23 -

Pb-210 29 91 240 1.7 <2.4 - <2.1 4.5 ** <0.0003 <0.02 -

Po-210 32 60 430 5.0 4.3 - 2.6 4.6 - - -

U-235 Decay Chain

U-235 1.4 0.28 110 0.14 34 9.5 19 0.11 <0.0004 <0.018 -

Pa-231 1.5 16 <0.16 <0.36 <1.7 <0.38 <1 <0.81 <0.001 <0.051 -

Ac-227 1.5 - - - - - 45 <0.29 <0.0002 <0.008 -

Th-227 1.5 - 96 0.13 36 2.1 45 <0.29 <0.0002 <0.008 -

Th-232 Decay Chain

Th-232 230 440 8,540 44 190 110 <4 37 0.002 0.08 -

Ra-228 230 1,080 220 1.1 2.3 1.7 <0.20 33 0.055 2.7 -

Th-228 230 440 10,000 54 76 96 3.9 37 0.002 0.083 -

K-40 <0.29 2.5 <5.8 <0.12 <2.2 <0.14 <2.4 <0.3 <0.001 <0.04 -

Total 2,741 6,845 91,258 472 5,531 1,845 2,010 407 0.2 7.4 -

Activity flow (MBq/h)

U-238 Decay Chain

U-238 63 2.5 50 15 45 11 0.06 27 <0.0003 <0.30 62

Th-230 62 41 64 96 <1 0.95 <0.002 56 <0.0004 <0.38 92

Ra-226 61 53 0.41 0.42 <0.01 0.003 <0.00002 39 0.0006 0.58 64

Pb-210 59 37 6.1 8.5 <0.1 - <0.0003 51 <0.00004 <0.04 87

Po-210 65 24 11 25 0.2 - 0.0003 53 - - 81

U-235 Decay Chain

U-235 2.9 0.12 2.8 0.68 1.4 0.43 0.002 1.3 0.000 <0.045 58

Pa-231 3.0 6.5 <0.004 <1.8 <0.068 <0.017 <0.0001 <9.3 <0.00013 <0.13 311

Ac-227 3.0 - - - - - 0.006 <3.3 <0.00002 <0.020 109

Th-227 3.0 - 2.5 0.65 1.4 0.09 0.006 <3.3 <0.00002 <0.020 112

Th-232 Decay Chain

Th-232 467 178 218 221 7.6 5.0 <0.0005 426 <0.0002 0.20 92

Ra-228 467 437 5.6 5.5 0.09 0.1 <0.00003 372 <0.00681 6.8 80

Th-228 467 178 256 271 3.0 4.3 0.001 422 0.0002 0.21 91

K-40 <0.59 1.0 <0.15 <0.60 <0.1 <0.01 <0.0003 <3.4 <0.0001 <0.093 -

Total 5,564 2,773 2,335 2,373 221 83 0.26 4,656 0.02 19 85

Al Precip U/F SlurryPO4 Precip Slurry Neutralised WasteLeach Accountability 

(%)
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235). A significant amount of U (11/63 MBq/h U-238 = 18% and 0.43/2.9 MBq/h U-235 = 

15%), reported to the Al precipitation solids and would be recycled within the plant, causing 

a build-up. The extent of this build up could be estimated by making a mass balance for the 

process.  

In the radionuclide mass balance (see Table 5.1) accountability for U-238 and U-235 was 

lower than hoped at 62% (Al precip underflow + neutralised waste = 39 mBq/h U-238 / Feed 

= 63 mBq/h U-238). In the testwork, however, mass balance accountability for elemental U 

was good for all unit operations except the leach, for which U accountability was 79%. For this 

reason, the poor accountability in the radionuclide survey do not cast doubt on the findings.  

5.2 Thorium 

Elemental thorium extraction in the leach was 59%. Precipitation was 97% in FeP purification, 

>97% in Al precipitation and 100% in waste neutralisation. The barren liquor was < 1 mg/L 

Th and below the limits of detection for the four Th isotopes determined.  

In the radionuclide mass balance (see Table 5.1) accountability was good for all four of the 

Th isotopes measured. Mass balance accountability for elemental U was good for all unit 

operations except the leach, for which accountability was 79% (same as U).  

The activity concentration of Th-228 will either increase (ingrowth) or decrease (decay) to 

match the activity concentration of its parent, Ra-228. This is relevant for all of the 

intermediate streams where Ra-228 and Th-228 were out of equilibrium, but less so for the 

materials that will be stored long term: neutralised waste solids and feed material, because 

they are all close to equilibrium for Ra-228 and Th-228. It will have some impact on the waste 

liquor or evaporite because evaporite was 2.7 Bq/g Ra-228 and 0.083 Bq/g Th-228.  

5.3 Radium 

Radium is poorly soluble in sulphate solutions so extraction in the leach was minimal. Nearly 

all of the Ra-226 that did extract subsequently precipitated in the purification circuit but a 

small amount of Ra-228 (2.3 MBq/h) passed through to precipitate in the Al circuit, from where 

it will be recycled within the process. Neutralised waste liquor was below the limits of detection 

for both Ra-226 and Ra-228.  

In the radionuclide mass balance (see Table 5.1) accountability was low for Ra-226 but 

reasonable for Ra-228.  

5.4 Lead-210 

The mass balance shows that a small amount of Pb-210 dissolved in the leach then 

re-precipitated in the purification circuit.  

In the radionuclide mass balance (see Table 5.1), accountability Pb-210 was good, with the 

feed containing 59 MBq/h Pb-210 and the neutralised waste solids 51 MBq/h. Liquors from 

purification onwards were below the limit of detection for Pb-210. 

5.5 Polonium-210 

Overall accountability for Po-210 was reasonable with Po-210 mainly reporting tpo the leach 

and purification residue (see Table 5.1). Accountability in the leach was low with feed 

containing 65 MBq/h Po-210, leach residue 24 MBq/h Po-210 and the liquor 11 MBq/h. This 
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was probably because polonium has a tendency to sorb onto glassware which makes it difficult 

to measure in solutions. Nearly all of the Po-210 that extracted in the leach reported to 

purification solids. It was not possible to measure Po-210 content of the Al precipitation solids. 

The solids from waste neutralisation contained 53 MBq/h, which is within error of the feed 

content of 65 MBq/h. The Po-210 content of the neutralised liquor is not known but must be 

fairly low because most of the Po-210 is accounted for by the solids. 

Polonium-210 has a short half-life (138 days) and will either decay or in-grow to match the 

activity concentration of its parent, Pb-210. This is relevant to most of the intermediate 

materials, but less so to the feed and the waste solids (which are close to equilibrium). The 

barren liquor is below the limit of detection for Pb-210 (0.0003 Bq/L) and Po-210 was not 

measured. This being the case, any Po-210 present will decay to <0.0003Bq/L)  

5.6 Protactinium-231 

The feed material contained 1.5 Bq/g Pa-231 (equivalent to 3 MBq/h), the leach residue 16 

Bq/g (equivalent to 6 MBq/h) and the neutralised waste contained <0.81 Bq/g (<9.3 MBq/h). 

The increase in Pa-231 between feed and leach appears to be an analytical error, but as there 

was no Pa-231 detected in any of the liquors. It is likely, therefore, that Pa-231 did not dissolve 

in the leach. The evaporite was < 0.05 Bq/g Pa-231.   

5.7 Actinium-227 

In rare earth processing, however, the behaviour of Ac is similar to that of the light rare earths 

so it is expected to report to the solvent extraction feed. Actinium will be separated from the 

target rare earths by downstream solvent extraction.   

It was not possible to obtain Ac-227 assays for most intermediate streams but mass balance 

accountability for the radionuclide survey indicated Ac-227 accountability was low because the 

liquor post Al precipitation (which is where the REs and Ac are expected to report) was not 

part of this study (since it is not a waste stream). The effluent from RE processing was a 

synthetic and did not include Ac-227.  

6. Leachability Tests 

The objectives of the work were 1) to characterise the waste for environmental assessment 

by carrying out leachability testing using the Australian Standard Leaching Procedure 

4439.3-19971 (ASLP); and 2) to assess the results against the criteria of the Western Australia 

Department of Environment and Conservation’s document “Landfill Waste Classification and 
Waste Definitions 1996” (the guideline). 

A representative sample of neutralised waste filter cake (WM Neut #2) was provided. A 

representative sample of the wet filter cake was taken, dried and pulverised for assay. The 

moisture content was found to be 52.5%. Leach tests were carried out using the remaining, 

as-received material. 

The neutralised waste contained 37 Bq/g of Th-232 and Th-228, 32 Bq/g of Ra-228, ~4.5 Bq/g 

of U-238, Pb-210 and Po-210 and 3.4 Bq/g of Ra-226. The Th 232 decay chain was considered 

 

1 ASLP 4439.3-1997: Wastes, sediments and contaminated soils - Preparation of leachates - Bottle leaching 
procedures. 
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to be in secular equilibrium, within analytical error. The U-238 decay chain was not considered 

to be in secular equilibrium because of the lower Ra-226 concentrations (see Table 5.1). 

The primary elemental constituents of the neutralised waste were Ca (26%), Fe (4.1%), 

Mg (1.1%), P (1.8%) and S (10%) (see Table 4.3). 

Three leach tests were carried out on the as-received neutralised waste, in accordance with 

the ASLP. The leaching fluids were 1) an acetate buffer, chosen using the prescribed 

preliminary tests in the standard; 2) a borate buffer of pH 9.2; and 3) bore water supplied by 

the client. The preliminary test used to determine the acid neutralising capacity of the 

neutralised waste was carried out and the pH of a 5% slurry plus HCl was measured and found 

to be 6.82. Based on this result, the acetate leaching fluid used was pH 2.9, which contained 

5.7 mL of glacial acetic acid per L of water. The alkaline leaching fluid contained 38.2 g/L of 

sodium tetraborate. 

The sample (~30 g) was leached to produce approximately 600 mL of each leachate. Duplicate 

leaches were not performed. 

All leach tests were carried out using a solid to liquid mass ratio of 1:20 in end-over-end rolled 

bottle leach tests (see Figure 6.1) at ambient temperature for 18 hours. Complete 

experimental details for the leach tests are given in Appendix D1 (pH 2.9 acetate and pH 9.2 

borate) and Appendix D2 (borewater). 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 pH Data from Neutralisation Test 

 

The definitions in the standard, which have been used in this work, are: 

• Test sample - a sample prepared from the laboratory sample and from which test 

portions will be taken. 

• Leaching fluid - the solution produced in the laboratory to be used for the leaching of 

the test sample. 

• Solids leachate - the liquid produced by treatment of the solids with the leaching fluid 

and subsequent filtration. 
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Parent Th-232, parent U-238 and the elemental contents of 1) the acidic (acetate), alkaline 

(borate) and borewater leaching fluids, and 2) the respective pH 2.9 acetate, borate and 

borewater leachates from the leach tests were determined using ICPMS and ICPAES. Gamma 

and alpha spectrometry were used to determine the concentrations of Th-232, U-238 and 

U- 235 decay chain progeny in the solid leachates only, together with the borewater (blank). 

ANSTO’s previous experience has found that radionuclides are not detectable in the reagents 

used to make up the acetate and borate leaching fluids. The leach residues were not assayed 

as this is not a requirement of the ASLP procedure. 

Complete analytical results are given in Appendices D1 and D2, together with the leach test 

conditions. 

The initial pHs for the leaching fluids, together with the final pHs and Eh values for the pH 

2.9 acetate, borate and borewater leachates, are given in Table 6.1. The initial and final pHs 

for the pH 2.9 acetate and borewater leachates both increased significantly, while there was 

a small decrease for the borate leachates. 

Table 6.1 

Initial pH and Final pH and Eh (mV)* Values for Leaching Fluids and Leachates 

pH 2.9 Acetate pH 9.2 Borate Borewater 

Initial 

pH 

Leachate 

pH 

Leachate 

Eh 

Initial 

pH 

Leachate 

pH 

Leachate 

Eh 

Initial 

pH 

Leachate 

pH 

Leachate 

Eh 

2.96 6.61 142 9.31 8.91 61 7.34 9.15 123 

* Ag/AgCl, 3 M KCl 

 

The ASLP leach test results for the neutralised waste are summarised in Table 6.2 and include 

the upper limits for contaminants assessed under ASLP1 (Category C) in the solid industrial 

waste hazard guideline. 

The maximum concentration for any contaminant metal given in the guideline was 1.0 mg/L 

for Mn in the pH 2.9 leachate. For contaminant metals where a guideline value is given, the 

measured concentrations did not exceed, and were well below, the respective upper limits 

given in the guideline.  

The concentrations of U in the pH 2.9 acetate, borate and borewater leachates were 0.34, 

0.00016 and 0.024 mg/L (4.2, 0.0020 and 0.30 Bq/L), respectively. Uranium is not assessed 

in the guideline, however, the ADWG2 value for uranium in drinking water is 0.017 mg/L 

(0.21 Bq/L). 

The measured concentrations of Th in the respective leachates were all very low (<0.00005 

mg/L; <0.0002 Bq/L). Like U, Th is not assessed in the guideline and there is no value given 

in the ADWG. 

Radium-228 was found in the pH 2.9 acetate and borewater leachates at concentrations of 

4.4 and 4.0 Bq/L, respectively. Similar to U and Th, Ra-228 is not assessed in the guideline, 

however, the ADWG value for Ra-228 in drinking water is 0.5 Bq/L.  

 

2 Australian Drinking Water Guidelines 6 2011 Version 3.6 Updated March 2021. 
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Table 6.2 

Summary of Leach Test Results 

 

Sample Leachable Concentration

NW #2 pH 2.9 Acetate Leachate Borate Leachate Borewater Leachate ASLP1

Contaminant Metal mg/dry kg mg/L mg/L mg/L mg/L

Ag < 1 < 0.001 < 0.001 < 0.001 1

Al 1900 < 0.01 0.01 (b) 0.02 (e)

As < 1 < 0.001 < 0.001 < 0.001 0.5

B 60 0.13 - < 0.05 (e)

Ba 57 0.14 0.00072 (b) 0.022 (c) (e)

Be 0.3 < 0.0001 < 0.0001 < 0.0001 0.1

Cd 5.0 0.0054 < 0.0001 (b) < 0.0001 0.1

Co 2 0.012 < 0.001 < 0.001 (e)

Cr (total) 40 0.006 0.003 0.003 0.5 (hexavalent)

Cu 3 0.002 0.003 0.001 (e)

Hg < 10 < 0.01 < 0.01 < 0.01 0.01

Mn 210 1.0 0.001 (c) < 0.001 (c) (e)

Mo < 0.1 0.0052 0.0005 (b) 0.0010 0.5

Ni 90 0.15 0.001 0.001 (c) 0.2

Pb 340 0.0002 < 0.0001 (c) < 0.0001 0.1

Se < 0.5 < 0.0005 < 0.0005 < 0.0005 0.5

Th 9240 0.00004 0.00001 (c) 0.00001 (f)

U 350 0.34 0.00016 (b) 0.024 (f)

V 14 0.001 < 0.001 < 0.001 (e)

Zn 7 0.039 < 0.005 < 0.005 (e)

Element mg/dry kg mg/L mg/L mg/L

Ca 265000 2030 233 590

Ce 7100 0.00016 < 0.00001 (c) 0.00006

Fe 40900 < 0.005 0.006 (c) < 0.005

Hf 2.6 0.00005 0.0001 (c) < 0.00001

K 70 0.53 2 < 0.01

La 3700 0.0002 < 0.00001 (b) 0.00006

Mg 11400 147 1.1 3

Na 2800 59 (d) 45

Nb 120 0.0003 0.0003 (c) < 0.0001

P 17700 1.2 < 0.01 (c) 0.03

S 100700 334 2050 467

Sb 1.0 0.0004 0.0017 (c) < 0.0001

Si 5600 5.7 0.1 (c) 1.1 (c)

Ti 2380 0.001 0.003 0.001 (b)

Y 480 < 0.001 < 0.001 < 0.001

Zr 3140 0.0010 0.00054 (c) 0.00044 (c)

RN Bq/dry kg Bq/L Bq/L Bq/L

Th-232 37150 0.00016 0.00004 0.00008

Ra-228 32470 4.4 < 0.18 4.0

Th-228 36850 < 0.05 < 0.05 < 0.05

U-238 4340 4.2 0.0020 0.30

Ra-226 3410 < 0.10 < 0.11 < 0.09

Pb-210 4500 < 0.94 < 0.89 < 1.3

Po-210 4640 0.0089 0.0009 0.039

(a) Corrected for blank.

(b) Measured concentration marginally more or marginally less than blank concentration.

(c) The reported concentration was less than the blank, suggesting adsorption/precipitation from solution.

(d) Borate leach liquor contains NaOH.

(e) No applicable value. Contact WA DEC for clarification on a case by case basis.

Concentration (a)
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Some Po-210 was found in all three leachates. The maximum concentration was 0.039 Bq/L 

for the borewater leachate. Polonium-210 is not assessed in the guideline and concentration 

values are not given in the ADWG. The measured concentrations of Po-210, would, however, 

need to be considered when assessing dose limits.  

For the primary elemental constituents in the neutralised waste solids, Fe and P were not 

found to any significant extent in any leachate. The concentrations and % extractions for Ca, 

Mg and S are summarised in Table 6.3. All three elements were leached by the pH 2.9 acetate 

leaching fluid, 33, 56 and 14%, respectively. Only S was leached significantly by the borate 

leaching fluid (87%). Both Ca and S were leached using borewater (10 and 20%, respectively). 

Table 6.3 

Initial pH and Final pH and Eh (mV)* Values for Leaching Fluids and Leachates 

 

7. Conclusions  

The present work assessed the WIM process on the Eneabba concentrate, with a particular 

interest in the waste treatment process. In summary: 

• The roast – leach process gave better rare earth extractions on Eneabba concentrate 

than it had on WIM concentrate (⁓97% vs ⁓90%) 

• Purification removed > 90% of P, giving a barren liquor with < 500 mg/L P. Rare earth 

losses in phosphate precipitation were 5% for La, 20% for Ce and 1.2% for Nd. These 

values are similar to those seen in the WIM pilot plant. 

• Aluminium precipitation removed 86% of Al from solution, leaving a barren liquor with 

20 mg/L Al. Light RE losses were negligible but average precipitation of MREs and HREs 

was 12%. These values are in keeping with the results of the Wimmera pilot plant. 

• Filtration rates were measured for slurries from the leach, phosphate precipitation, Al 

precipitation and the waste neutralisation circuit. Pressure filtration rates (form only 

solids) were 58 kg/m2h for leach slurry, 652 for purification slurry, 97 kg/m2h for Al 

precipitation slurry and 849 – 1,000 kg/m2h for neutralised waste.  

• Flocculant M155 was shown to be effective for settling the Al precipitation slurry. 

Without any pre-treatment (concentration or dilution) the flocculated Al slurry had a 

free settling rate of 2.1 m/h and a settled bed volume 2.2% of feed volume (i.e. 

potential dewatering of 98%). Solids content increased from 0.13% in the feed to 5.7% 

in the settled bed. It might be possible to achieve a higher solids content with a 

dynamic (raked) thickener.   

• Radionuclide deportment across the process was studied and the following conclusions 

made: 

o Some U, Th, Pb and Po dissolved in the leach. All or nearly all of the Th, Pb and 

Po re-precipitated in purification. Uranium deportment was more complex: 

Element mg/dry kg mg/L % Extraction mg/L % Extraction mg/L % Extraction

Ca 265000 2030 33 233 3.8 590 10

Mg 11400 147 56 1.1 0.42 3.0 1.1

S 100700 334 14 2050 87 467 20

pH 2.9 Acetate Leachate Borate Leachate Borewater Leachate
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about 23% reported to purification solids and 18% to Al precipitation solids. 

The Al precip solids will be recycled in the plant causing some minor build-up 

but ultimately U in the liquor post Al precipitation will report to U IX. 

o Radium extraction was very low and the small amount that dissolved then 

re-precipitated in the purification circuit.  

o Ac-227 accountability was low which is consistent with Ac-227 reporting to the 

Al precipitation filtrate along with the REs. Ac-227 is expected to follow the light 

rare earths and report to the solvent extraction plant.  

• In ASLP leachability testing, for contaminant metals where a guideline value is given, 

the measured concentrations did not exceed, and were well below, the respective 

upper limits given in the guideline. 

8. Recommendations 

Data from this work can be used make a preliminary comparison between the WIM process 

and process equipment to those planned for the Eneabba process. The ASLP results can be 

used to inform environmental assessments in relation to the processing of Eneabba monazite. 
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Test ID Iluka 1

Person Kate Flower - Donaldson Experimental Data

Date 4/01/2021

Analytical request No. 2100068 Bake

Mass of concentrate (g) 1,001

Conditions and Targets Mass of AR grade sulphuric acid (g) 1,250

Bake Mass of baked residue (g) 2,164

Temperature (oC) 260 Acid loss (% of acid in feed) 7.0

Time at temperature (h) 3

Mixing Manual Leach

Reagent AR grade H2SO4 (98%) Mass of baked residue (g) 2,115

Acid dose (g/kg concentrate) 1250 Mass of water (g) 12,833

Mass of fi lter cake (g) 1,002

Leach Loss on drying (%) 80

Temperature (oC) Ambient Mass as dry (g) 200

Leach time (h) 2.0 Mass of PF (g) 12,091

Target concentration of RE+Y in PLS (g/L) 30 SG of PF (g/mL) 1.098

Target solids content (%) 7.0 Volume of PF (mL) 11,008

Volume of displacement wash recovered (mL) 1,608

Repulp Wash SG of disp wash (g/mL) 1.054

Temperature (oC) Ambient

Repulp time (h) 1 Initial solids content in leach (%) 14

Dilution 5L / kg fi lter cake Final solids content in leach (%) 1.3

Mass loss (concentrate vs leach residue %) 80

Feed

Disp 

Washed

residue

Repulp 

washed 

residue

PF DW to solid to PF to DW

FA (g/L as H2SO4) - - - 64 36

Al 1.1 1.8 2.7 310 184 52 32 2.8 87 40

Ba <0.001 0.085 0.168 - - - - - - -

Ca 0.7 0.31 0.18 375 284 5.3 59 6.5 71 94

Fe 1.5 2.8 4.3 330 195 58 24 2.1 85 32

Hf 0.05 0.1 0.2 - - 100 - - - -16

Mg 0.09 0.2 0.3 29 17 61 34 3.0 98 29

Mn 0.06 0.09 0.14 16 10 50 32 2.8 85 42

Na 0.05 0.04 0.09 6.5 3.7 35 14 1.2 51 59

P 11 6.6 7.8 7,398 3,509 15.1 77 5.3 97 82

S 0.03 7.0 1.1 31,373 15,583 - - - - -

Si 2.0 5.2 8.1 49 38 82 2.7 0.30 85 4

Ti 1.7 4.3 6.7 45 30 81 2.9 0.29 85 5

Zn 0.04 0.02 0.01 - - 4.4 - - 95

Zr 2.4 6.2 10 3.0 1.7 86 0.14 0.01 86 0

U 0.25 0.3 0.05 159 87 4.2 69 5.5 79 95

Th 5.7 5.7 9.8 2,124 1,115 35 41 3.2 79 59

La 11 2.4 1.3 7,146 4,014 2.6 74 6.1 83 97

Ce 21 4.5 2.6 18,615 8,120 2.5 100 6.3 109 97

Pr 2.1 0.49 0.29 1,537 813 2.9 81 6.3 90 97

Nd 8.2 2.0 1.2 5,500 3,004 2.9 74 5.9 82 97

Sm 1.2 0.26 0.14 785 431 2.5 74 6.0 83 97

Eu <0.01 <0.01 <0.01 24 13 - - - - 76

Gd 0.74 0.16 0.07 494 272 2.1 74 5.9 82 98

Tb 0.07 0.01 0.01 51 28 3.1 85 6.9 95 96

Dy 0.27 0.07 0.04 207 115 3.2 83 6.8 93 96

Ho 0.03 <0.01 <0.01 30 16 6.4 102 8.2 117 93

Er 0.13 0.055 0.051 68 38 8.2 59 4.8 72 90

Tm 0.046 0.045 0.044 7.8 4.4 20 19 1.5 40 77

Yb 0.068 0.024 0.021 46 25 6.3 74 6.0 87 93

Lu 0.01 <0.01 <0.01 6.1 3.4 19 61 4.9 84 78

Y 1.2 0.36 0.28 767 444 4.5 68 5.8 78 95

LRE 41 9.3 5.4 32,797 15,951 2.6 87 6.2 96 97

MRE 1.9 0.42 0.22 1,303 716 2.4 75 6.0 84 97

HRE+Y 1.9 0.58 0.46 1,183 675 5.1 70 5.8 81 94

TRE+Y 45 10 6.0 35,284 17,343 2.7 86 6.2 95 97

Accountab

ility 

(%)

Liquors (mg/L) Recoveries (%)Solids (wt%)

Extraction 

(% vs Zr)

Bake - leach test
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Test ID Iluka 2 Experimental Data

Person Kate Flower - Donaldson Mass of bake - leach fi ltrate (g) 11,518

Date 13/01/21 Mass of bake - leach disp wash (g) 2,086

Analytical request No. 2100068 Mass of combined feed (g) 13,604

SG of feed (g/mL) 1.091

Conditions and Targets Volume of feed liquor (mL) 12,465

Temperature (oC) ambient Mass of hydrogen peroxide (g at 7.5M) 2.6

Mixing time (h) 3 Mass of ferric sulphate (g dry powder) 913

Target ORP (vs Ag/AgCl) 570 - 600 Mass of MgO/CaSO4 (g of slurry at 20% solids) 6,953

Target molar Fe:P ratio 1.2 - 1.4 Volume of l iquor in slurry (mL) 16,531

Target pH 3.2

Mass of fi lter cake (g) 7,650

Oxidant Hydrogen peroxide Loss on drying (%) 66

Source of Fe Ferric (FeIII) sulphate Mass as dry (g) 2,603

Alkali Magnesia / gypsum slurry (20% solids) Mass of PF (g) 11,954

SG of PF (g/mL) 1.121

Volume of PF (mL) 10,668

Volume of displacement wash recovered (mL) 7,531

Final solids content of slurry (%) 12

Feed PF DW Alkali Product to solid to PF to DW

pH -

FA (g/L as H2SO4) 60 - - -

Al 290 197 51 - 0.079 57 58 11 126 10

Ca 361 690 473 24 18 - - - - -

Fe 308 50 13 - 7.3 - - - - 79

Mg 27 14,741 4,223 13 1.0 - - - - -

Mn 15 87 26 - <0.001 - - - - -

Na 6.1 13 <5 - 0.012 - - - - -

P 6,781 <500 <100 - 2.8 86 <6 <1 93 90

S 28,866 29,443 8,315 18 16 - - - - -

Si 47 122 34 - 0.27 - - - - -

Ti 42 <10 <10 - 0.061 - - - - -

Zr 2.8 <10 <10 - 0.002 - - - - -

U 149 90 25 - 0.025 35 52 10 97 20

Th 1,995 47 12 - 1.0 109 2.0 0.35 111 97

La 6,649 4,769 1,498 - 0.32 10 61 14 85 5

Ce 16,949 10,229 2,971 - 0.68 8.4 52 11 71 20

Pr 1,422 1,098 332 - 0.072 11 66 14 91 0

Nd 5,103 3,802 1,149 - 0.26 11 64 14 88 1

Sm 729 608 179 - 0.03 8.6 71 15 95 0

Eu 22 18 5.3 - <0.01 - 70 14 84 0

Gd 459 394 116 - 0.023 10 73 15 99 0

Tb 47 41 12 - <0.01 - 75 15 89 0

Dy 193 155 47 - <0.01 - 69 15 84 0

Ho 28 22 6.6 - <0.01 - 70 14 84 0

Er 63 51 15 - <0.01 - 70 14 84 0

Tm 7.2 5.8 1.7 - <0.01 - 69 14 83 0

Yb 43 34 10.1 - <0.01 - 69 14 83 0

Lu 5.6 4.5 1.4 - <0.01 - 69 15 83 0

Y 716 574 169 - 0.039 11 69 14 94 0

LRE 30,123 19,898 5,951 - 1.3 9.9 61 13 84 12

MRE 1,210 1,020 301 - 0.06 9.5 72 15 96 0

HRE+Y 1,102 890 262 - 0.11 11 70 14 96 0

TRE+Y 32,435 21,808 6,514 - 1.5 10 68 14 92 11

Phosphate Precipitation

Solids (%)Liquors (mg/L) Accountab

ility 

(%)

Precipitati

on 

(% by 

liquors)

Recoveries (%)
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Test ID Iluka Al precip Experimental Data

Person Kate Flower - Donaldson Mass of feed liquor (g) 19,017

Date 20/01/2021 SG of feed (g/mL) 1.085

Analytical request No. 2100068 Volume of feed liquor (mL) 17,521

Mass of MgO (g of slurry at 30% solids) 40

Conditions and Targets

Temperature (oC) ambient Mass of fi lter cake (g) 64

Mixing time (h) 2 LOD (%) 65

Target pH 5.5 Cake as dry (g) 22

Mass of PF (g) 17,650

Alkali MgO slurry (30%) SG of PF (g/mL) 1.08

Volume of PF (mL) 16,341

Volume of l iquor in slurry (mL) 17,623

Final solids content of slurry (%) 0.13

Feed PF to solid to PF

pH 3.2 5.5

Al 137 20 8.3 77 14 90 85

Ca 601 467 2.2 4.7 72 77 22

Cr <5 <2 0.16 - - - -

Fe 35 <1 4.1 151 <3 154 97

Hf <1 <1 0.001 - - - -

Mg 10,423 8,704 2.2 0.3 78 78 16

Mn 62 47 0.022 0.5 70 70 25

Na 10 10 0.01 1.3 92 94 0

Ni 4.9 5.0 0.061 16 96 112 -3

P <336 <50 0.73 - - - -

Pb <1 <1 0.006 - - - -

S 20,769 16,259 8.9 0.5 73 74 21

Si 86 38 3.0 44 41 85 56

Ti <10 <2 0.022 - - - -

Zr <10 <5 0.021 - - - -

U 64 36 2.0 41 52 93 44

Th 33 <1 2.6 103 <3 106 >97

La 3,426 3,894 2.1 0.8 106 107 0

Ce 7,249 7,684 6.3 1.1 99 100 0

Pr 783 782 0.86 1.4 93 94 0

Nd 2,713 2,829 3.9 1.8 97 99 0

Sm 432 420 0.8 2.4 91 93 2

Eu 13 12 <0.01 1.0 89 90 4

Gd 280 258 0.49 2.2 86 88 7

Tb 29 26 0.063 2.8 84 87 9

Dy 111 106 0.31 3.6 89 93 4

Ho 16 15 0.041 3.3 89 92 4

Er 36 35 0.15 5.1 89 94 4

Tm 4.1 3.9 0.036 11 87 98 6

Yb 24 23 0.16 8 88 96 5

Lu 3.2 3.0 0.025 10 87 97 6

Y 408 397 0.82 3 91 93 2

LRE 14,172 15,189 13 1 99 100 0

MRE 725 690 1 2 89 91 4

HRE+Y 632 609 2 6 88 94 5

TRE+Y 15,529 16,488 16 4 91 95 4

Precipitation of Aluminium

Accountab

ility 

(%)

Precipitation

(% by liquor 

assays)

Precipitate 

(%)

Liquors (mg/L) Recoveries (%)
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Test ID Iluka Waste Neutralisation Experimental Data

Mass of feed slurry (g) 4,114

Person Peter Fletcher Solids content of feed (%) 2.8

Date Initial pH 1.7

Analytical request No. 2100208 Final pH 12.1

Conditions and Targets Mass of l imestone (g) 122

Temperature (oC) 35 Limestone ad'n (g reagent /kg feed) 29.7

Mass of l ime (g) 26

First alkali Limestone (dry reagent) Lime addition (g reagent /kg feed) 6.2

Mixing time (h) 1

Target pH 5.0 Mass of fi lter cake (g) 834

LOD (%) 57

Second alkali Lime (dry reagent) Cake as dry (g) 363

Mixing time (h) 1 Mass of PF (g) 3,428

Target pH 10.5 SG of PF (g/mL) 1.014

Volume of PF (mL) 3,381

Volume of l iquor in slurry (mL) 3,726

Mass of DW (g) 395

SG of DW 1.016

Volume of DW (mL) 389

Final solids content of slurry (%) 8.5

Mass of PF evaporated (g) 2,484

Mass of evaporite recovered (g) 51

Feed PF Feed Residue Evaporite to solid to PLS to evaporite

Cl - <100 - - - - - - - -

F - <0.25 - - - - - - - -

Al 4.5 <1 0.39 0.19 0.07 145 - 9.9 155 >79

Ca 275 1,452 33 26 4.9 243 0.046 8.6 252 -

Cr - <1 0.004 <0.001 <0.001 - - - - -

Fe 1.5 <1 13 4.1 <0.001 98 - - - >40

Hf - <1 0.02 0.004 <0.001 - - - - -

Mg 332 <1 1.9 1.1 <0.01 119 - - - 100

Mn 2.1 <1 0.01 0.01 <0.001 169 - - - >55

Na 6,325 5,179 0.03 0.28 26 4.0 0.38 71 75 24

Ni - <1 0.002 0.009 <0.001 - - - - -

P 16 <1 5.5 1.8 <0.001 101 - - - >94

Pb 0.01 <1 0.06 0.03 <0.001 - - - - -

S 1,157 781 29 10 3.5 95 0.03 6.4 101 37

Si 2.8 <5 1.1 0.56 <0.04 163 - - - -

Ti 1.0 <1 0.6 0.24 <0.001 - - - - -

Zr 0.8 <1 0.7 0.31 <0.01 - - - - -

U 14 <1 0.06 0.04 <0.001 100 - 0.55 100 >93

Th 4.4 <1 2.5 0.92 0.002 114 - 0.05 114 79

La 147 <1 0.68 0.37 <0.01 97 - - 97 >99

Ce 252 <1 1.4 0.71 <0.01 97 - - 97 >100

Pr 28 <1 0.15 0.08 <0.01 98 - - 98 >97

Nd 97 <1 0.57 0.29 <0.01 100 - - 100 >99

Sm 15 <1 0.07 0.03 <0.01 88 - - 88 >94

Eu 0.44 <1 <0.02 <0.01 <0.01 159 - - - -

Gd 10 <1 0.05 0.03 <0.01 110 - - - >90

Tb 1.0 <1 <0.02 <0.01 <0.01 142 - - - -

Dy 3.9 <1 0.02 0.01 <0.01 112 - - - >76

Ho 0.6 <1 <0.02 <0.01 <0.01 154 - - - -

Er 1.3 <1 0.02 <0.01 <0.01 118 - - - -

Tm 0.1 <1 0.02 <0.01 <0.01 147 - - - -

Yb 0.8 <1 0.02 <0.01 <0.01 136 - - - -

Lu 0.1 <1 <0.02 <0.01 <0.01 167 - - - -

Y 14 <1 0.09 0.05 0.002 101 - - 101 >93

LRE 524 <4 2.8 1.4 <0.04 98 - - - >99

MRE 25 <3 0.14 0.07 <0.03 119 - - - >89

HRE+Y 22 <8 0.24 0.12 <0.07 135 - - - >66

TRE+Y 572 <15 3.2 1.6 <0.06 122 - - - >98

Waste Neutralisation

Recoveries (%)

11/02/2021

Liquors (mg/L) Soilids (wt%) Accountability 

(%)

Precipitation

(% by liquor 

assays)
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Appendix B 

Preparation of Synthetic Liquors and Slurries 
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Appendix B1. Method for Preparation of Scrubber Blowdown Slurry (Gypsum slurry) 

 

Preparing Gypsum Slurry  
RE OG scrubber 1 blowdown 4184 

  

Test ID Iluka 2 

Person Kate  

Date 29/01/2021 

  

Mass of limestone (g) 118 

Mass of H2SO4 (g) 87 

Mass of water (g) 813 

  

Expected mass of gypsum (g) 153 

Required mass of slurry (g) 1018 

Solids content in slurry (%) 15 
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Appendix B2 - Recipes for Preparation of SX and RE Precip Barrens 

 

Stream
SX Feed Solution SX 1 raffinate SX Cl waste Precip H2C2O4 

filtrates

Precip 

Na2CO3 

filtrates

Precip 

H2C2O4 

spent wash

Precip Na2CO3 

spent wash

IX eluent

Flow in model (m3/h) 60.45 86.2 12.8 7.0 12.7 10.6 36.1 1.2

U 35 1,800

La 3,894 246 300 0 0 0 0

Ce 7,684 1 0 0 0 0 0

Pr 782 0 0 0 0 0 0

Nd 2,829 4 0 0 0 0 0

Sm 420 0 33 0 0 0 0

Eu 12 0 0 0 0 0 0

Gd 258 0 0 0 0 0 0

Tb 26 0 0 0 0 0 0

Dy 106 0 0 0 0 0 0

Ho 15 0 0 0 0 0 0

Er 35 0 0 0 0 0 0

Tm 4 0 0 0 0 0 0

Yb 23 0 0 0 0 0 0

Lu 3 0 0 0 0 0 0

Y 397 0 0 0 0 0 0

Ca 467 327

Cl 0 0 92,559 27,921 42,356 285 1,182

Mg 8,704 6,102

Na 10 7.0 59,569 0 30,177 0 842

S 16,259 14,156 0 0 0 0 0

[H2SO4] (M) 0.005 0.21 0 0 0 0 0

[HCl] (M) 0.013 0.79 0 0.01 0

NaOH (M) 0 0 0 0 0

[H2C2O4] (M) 0 0.03 0 0.00034 0

[Na2CO3] (M) 0 0 0.059 0 0.0016

Additions (g/L compound)

La2(CO3)3 0.41 0.49 0.00 0.00 0.00 0.00

CaO 0.46 0.00 0.00 0.00 0.00 0.00

MgSO4.7H2O 62 0 0 0 0 0

NaCl 152 0 77 0 2.1

H2SO4 at 98% 21 0.0 0.0 0.0 0.0 0.0

HCl at 36% 1.3 79.9 0.0 0.8 0

Oxalic acid at 99.6% 0.03 0.0003 0.0

Soda ash (Na2CO3) 5.0 0 0.14

Na2SO4 0.02
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Appendix C 

Radionuclide Assays
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ANSTO ID

Production Date

Sample Weight (g) or Volume (mL)

Detector

Units

Th-232 Decay Chain

Th-232 (a) 230 ± 23 440 ± 44 8540 ± 850 44 ± 4 190 ± 20 110 ± 11 < 4 0.08 ± 0.04

Ra-228 (b) 230 ± 23 1080 ± 110 220 ± 22 1.1 ± 0.1 2.3 ± 0.3 1.7 ± 0.2 < 0.20 2.7 ± 0.3

Th-228 (b) 230 ± 23 440 ± 44 10000 ± 1000 54 ± 5 76 ± 8 96 ± 10 3.9 ± 0.4 0.083 ± 0.008

U-238 Decay Chain

U-238 (a) 31 ± 3 6.1 ± 0.6 1970 ± 200 2.9 ± 0.3 1120 ± 110 250 ± 25 440 ± 40 < 0.12

Th-230 (b) 31 ± 3 (f) 100 ± 10 2500 ± 250 19 ± 2 < 15 21 ± 2 < 12 < 0.15

Ra-226 (b) 30 ± 3 130 ± 13 16 ± 2 0.084 ± 0.008 < 0.18 0.07 ± 0.01 < 0.15 0.23 ± 0.02

Pb-210 (b) 29 ± 3 91 ± 3 240 ± 24 1.7 ± 0.5 < 2.4 < 1.5 < 2.1 < 0.015

Po-210 (c) 32 ± 3 60 ± 5 430 ± 54 5.0 ± 0.7 4.3 ± 0.6 nr 2.6 ± 0.6 nr

Po-210 Count Date

U-235 Decay Chain

U-235 (d) 1.4 ± 0.1 0.28 ± 0.03 110 ± 11 (b) 0.14 ± 0.01 34 ± 3 (b) 9.5 ± 0.9 (b) 19 ± 2 (b) < 0.018

Pa-231 (b) 2.8 ± 0.3 16 ± 2 < 0.16 < 0.36 < 1.7 < 0.38 < 1.0 < 0.051

Ac-227 (b) 1.5 ± 0.2 na na na na na 45 ± 5 < 0.0080

Th-227 (b) 1.5 ± 0.2 (g) 96 ± 10 0.13 ± 0.03 36 ± 4 2.1 ± 0.4 45 ± 5 < 0.0080

K-40 (b) < 0.29 2.5 ± 0.3 < 5.8 < 0.12 < 2.2 < 0.14 < 2.4 < 0.037

Total Contained Activity (e)

01-Feb-21

2741 6845 91258 472 5531 1845 2010 7.4

01-Feb-21 01-Feb-21 27-Jan-21 01-Feb-21 27-Jan-21

22 26

Bq/g Bq/g Bq/L Bq/g Bq/L Bq/g Bq/L Bq/g

25 26 18 27 18 24

29.33 17.21 450 12.13 420 16.21 450 18.55

-

Al Precipitation Neut 2

(Feed) Residue Filtrate (PLS) Filter Cake Barren Liquor Precipitate (undil) Barren Liquor Evaporite

Eneabba Ore Washed Leach Quench Leach Phosphate Precip Phosphate Precip Aluminium
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(a) Solids - XRF; Liquors - ICPMS.

(b) Gamma spectrometry.

(c) Alpha spectrometry on count date.

(d) Either interference from high concentrations of Th-232 decay chain radionuclides or below gamma spectrometry detection limit. Calculated from the measured U-238 concentration.

(e) Calculated from the measured concentrations for the long-lived radionuclides. Value includes the contribution of all radionuclides in the sample, both long- and short-lived, together with K-40.

      Less than values assume zero concentration in the calculations.

(f) Interference from high concentrations of Th-232 decay chain radionuclides. Average of measured U-238, Ra-226, Pb-210 and Po-210 concentrations.

(g) Interference from high concentrations of Th-232 decay chain radionuclides.

na - not analysed.

nr - not requested.
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ANSTO ID

Production Date

Sample Weight (g)

Detector

Units

Th-232 Decay Chain

Th-232 (a) 35 ± 4

Ra-228 (b) 32 ± 3

Th-228 (b) 37 ± 4

U-238 Decay Chain

U-238 (a) 2.4 ± 0.2

Th-230 (c) 4.9 ± 0.5

Ra-226 (b) 3.4 ± 0.3

Pb-210 (d) 4.5 ± 0.5

Po-210 (e) 4.6 ± 0.4

Po-210 Count Date

U-235 Decay Chain

U-235 (f) 0.11 ± 0.01

Pa-231 (b) < 0.81

Ac-227 (b) < 0.29

Th-227 (b) < 0.29

K-40 (b) < 0.30

Total Contained Activity (g)

(a) Solids - Fusion digest/ICPMS; Liquors - ICPMS.

(b) Gamma spectrometry.

(c) Calculated value based on Th-232 and Th-230 in the feed and Th-232 in the Neut 2 solid.

(d) Calculated value based on Pb and Pb-210 in the feed and Pb in the Neut 2 solid.

(e) Alpha spectrometry.

(f) Below gamma spectrometry detection limit. Calculated from the measured U-238 concentration.

(g) Calculated from the measured concentrations for the long-lived radionuclides.

      Value includes the contribution of all radionuclides in the sample, both long- and short-lived.

       Less than values assume zero concentration in the calculations.

WM Neut 2

11-Feb-21

29.33

10 (37 mm)

Bq/g

14-Apr-21

407
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Appendix D 

ASLP Leachability Testing  
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Sample Description : ILUKA Neutralised Waste #2 11/2/21 Solids % Moisture : 52.5%

Acidic Leach Fluid Selection : pH of 5% Slurry - 8.92; pH of 5% Slurry + HCl - 6.82; therefore pH 2.9 acetate leaching fluid

Solids to pH 2.9 Acetate Leach (g wet) 30.130 Acetate Leach Liquor Solids to Borate Leach (g wet) 30.350 Borate Leach Liquor

Solids to pH 2.9 Acetate Leach (g dry) 14.307 SG (g/mL) 1.0000 Solids to Borate Leach (g dry) 14.411 SG (g/mL) 1.0100

pH 2.9 Acetate Liquor to Leach (g) 602.58 Initial pH 2.96 Borate Liquor to Leach (g) 606.98 Initial pH 9.31

Solids pH 2.9 Leach Residue (g dry) 9.98 Final Leachate pH 6.61 Solids Borate Leach Residue (g dry) 13.51 Final Leachate pH 8.91

Solids Loss on Leaching (%) 30.23 Final Leachate ORP (mV) 142 Solids Loss on Leaching (%) 6.26 Final Leachate ORP (mV) 61

Element Detection Limit (mg/kg) mg/dry kg in Feed Error Technique Detection Limit pH 2.9 Acetate Leachate Error % Extraction (c) Blank Borate Leachate Error % Extraction (c) Blank

Ag 1 < 1 - ICPMS 0.001 < 0.001 - - < 0.001 < 0.001 - - < 0.001

Al (b) 100 1900 190 ICPAES 0.01 < 0.01 - < 0.02 < 0.01 0.01 0.01 (d) 0.03

As 1 < 1 - ICPMS 0.001 < 0.001 - - < 0.001 < 0.001 - - 0.003

B 100 60 12 ICPAES 0.05 0.13 0.07 9.4 < 0.05 - - - -

Ba 0.05 57 6 ICPMS 0.00005 0.14 0.01 11 0.00023 0.0007 0.00007 (d) 0.010

Be 0.1 0.3 0.1 ICPMS 0.0001 < 0.0001 - < 1 < 0.0001 < 0.0001 - < 1 < 0.0001

Cd 0.1 5.0 0.5 ICPMS 0.0001 0.0054 0.0005 4.6 < 0.0001 < 0.0001 - (d) 0.0002

Co 1 2 1 ICPMS 0.001 0.012 0.001 26 < 0.001 < 0.001 - < 2 < 0.001

Cr 1 40 4 ICPMS 0.001 0.006 0.001 0.66 < 0.001 0.003 - 0.22 0.001

Cu 1 3 2 ICPMS 0.001 0.002 0.001 2.9 < 0.001 0.003 0.002 4.3 < 0.001

Hg 10 < 10 - ICPMS 0.01 < 0.01 - - < 0.01 < 0.01 - - < 0.01

Mn 1 210 21 ICPMS 0.001 1.0 0.1 20 <0.001 0.001 0.0001 (e) 0.004

Mo 0.1 < 0.1 - ICPMS 0.0001 0.0052 - - < 0.0001 0.0005 - (d) 0.0008

Ni (b) 10 90 18 ICPMS 0.001 0.15 0.015 7.2 < 0.001 0.001 0.001 0.048 0.001

Pb (b) 0.1 340 34 ICPMS 0.0001 0.0002 0.0001 0.0025 0.0010 < 0.0001 - (e) 0.0007

Se 0.5 < 0.5 - ICPMS 0.0005 < 0.0005 - - < 0.0005 < 0.0005 - - < 0.0005

Th (b) 10 9240 920 ICPMS 0.00001 0.00004 0.00002 0.00002 < 0.00001 0.00001 0.00001 (e) 0.00012

U (b) 10 350 35 ICPMS 0.00001 0.34 0.03 4.2 0.00006 0.00016 0.00008 0.0020 0.00015

V 1 14 1 ICPMS 0.001 0.001 0.001 0.31 < 0.001 < 0.001 - < 0.3 < 0.001

Zn 5 7 3 ICPAES 0.005 0.039 0.004 24 < 0.005 < 0.005 - < 3 0.005

Detection Limit (Bq/kg) Bq/dry kg in Feed Error

Th-232 40 37150 3720 ICPMS 0.00004 0.00016 0.00008 0.00002 < 0.00004 0.00004 0.00004 0.000005 0.00048

Ra-228 - 32470 3250 Gamma - 4.4 0.4 0.59 - < 0.18 - < 0.02 -

Th-228 - 36850 3690 Gamma - < 0.05 - < 0.006 - < 0.05 - < 0.006 -

U-238 120 4340 430 ICPMS 0.00012 4.2 0.4 4.2 0.00074 0.0020 0.0010 0.0020 0.0019

Ra-226 - 3410 340 Gamma - < 0.10 - < 0.1 - < 0.11 - < 0.1 -

Pb-210 - 4500 Gamma - < 0.94 - < 0.9 - < 0.89 - < 0.8 -

Po-210 - 4640 460 Alpha - 0.0089 0.0033 0.0083 - 0.0009 0.0005 0.0008 -

(a) Fusion digestion with ICPMS/ICPOES finish.

(b) XRF.

(c) Based on blank corrected concentrations, where applicable.

(d) Measured concentration marginally less than blank concentration.

(e) Suggests adsorption/precipitation from solution.

Concentration (Bq/L)

Concentration (a) Concentration (mg/L)

Appendix D1 – pH 2.9 Acetate and pH 9.2 Borate Leaching Fluids – Contaminant Metals and Radionuclides 
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Sample Description : ILUKA Neutralised Waste #2 11/2/21 Solids % Moisture : 52.5%

Acidic Leach Fluid Selection : pH of 5% Slurry - 8.92; pH of 5% Slurry + HCl - 6.82; therefore pH 2.9 acetate leaching fluid

Solids to pH 2.9 Acetate Leach (g wet) 30.130 Acetate Leach Liquor Solids to Borate Leach (g wet) 30.350 Borate Leach Liquor

Solids to pH 2.9 Acetate Leach (g dry) 14.307 SG (g/mL) 1.0000 Solids to Borate Leach (g dry) 14.411 SG (g/mL) 1.0100

pH 2.9 Acetate Liquor to Leach (g) 602.58 Initial pH 2.96 Borate Liquor to Leach (g) 606.98 Initial pH 9.31

Solids pH 2.9 Leach Residue (g dry) 9.98 Final Leachate pH 6.61 Solids Borate Leach Residue (g dry) 13.51 Final Leachate pH 8.91

Solids Loss on Leaching (%) 30.23 Final Leachate ORP (mV) 142 Solids Loss on Leaching (%) 6.26 Final Leachate ORP (mV) 61

Element Detection Limit (mg/kg) mg/dry kg in Feed Error Technique Detection Limit pH 2.9 Acetate Leachate Error % Extraction (c) Blank Borate Leachate Error % Extraction (c) Blank

Ca 10 265000 27000 ICPAES 0.01 2030 203 33 0.11 237 24 3.8 3.9

Ce 100 7100 710 ICPMS 0.00001 0.00019 0.00002 0.0001 0.00003 < 0.00001 - (d) 0.00008

Fe 10 40900 4100 ICPAES 0.005 < 0.005 - < 0.0009 < 0.005 0.006 0.003 (d) 0.080

Hf (b) 0.01 2.6 0.3 ICPMS 0.00001 0.00005 0.00001 0.083 < 0.00001 0.00008 0.00002 (d) 0.00016

K 10 70 14 ICPAES 0.01 0.55 0.06 33 0.02 14 1 128 12

La 100 3700 370 ICPMS 0.00001 0.00022 0.00002 0.0002 0.00002 < 0.00001 - (d) 0.00004

Mg 100 11400 1100 ICPAES 0.005 147 15 56 0.01 1.5 0.1 0.42 0.3

Na 100 2800 280 ICPAES 0.01 59 6 91 0.07 (e) - - -

Nb 10 120 12 ICPMS 0.0001 0.0003 0.0002 0.011 < 0.0001 0.0003 0.0002 (d) 0.0033

P 10 17700 1770 ICPAES 0.01 1.2 0.1 0.29 < 0.01 < 0.01 - (d) 0.05

S 10 100700 10100 ICPAES 0.1 334 33 14 0.2 2050 205 87 0.2

Sb (b) 0.1 1.0 0.1 ICPMS 0.0001 0.0004 0.0002 1.7 < 0.0001 0.0017 0.0002 (d) 0.0088

Si 100 5600 560 ICPAES 0.1 5.7 0.6 4.4 < 0.1 0.1 0.1 (d) 1.9

Ti 10 2380 240 ICPMS 0.001 0.001 0.001 0.0018 < 0.001 0.003 0.002 0.0054 < 0.001

Y (b) 1 480 48 ICPAES 0.001 < 0.001 - < 0.01 < 0.001 < 0.001 - < 0.009 < 0.001

Zr 10 3140 310 ICPMS 0.00005 0.0010 0.0001 0.0014 0.00009 0.00054 0.00005 (d) 0.0017

(a) XRF.

(b) Fusion digestion with ICPMS/ICPOES finish.

(c) Based on blank corrected concentrations, where applicable.

(d) Suggests adsorption/precipitation from solution.

(e) Borate leach liquor contains NaOH.

Concentration (a) Concentration (mg/L)

Appendix D1 (continued) – pH 2.9 Acetate and pH 9.2 Borate Leaching Fluids – Elements 
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Sample Description : ILUKA Neutralised Waste #2 11/2/21 Solids % Moisture : 52.5%

Solids to Borewater Leach (g wet) 30.760 Borewater Leach Liquor

Solids to Borewater Leach (g dry) 14.605 SG (g/mL) 0.9900

Borewater Liquor to Leach (g) 615.20 Initial pH 7.34

Borewater Residue (g dry) 12.12 Final Leachate pH 9.15

Solids Loss on Leaching (%) 17.03 Final Leachate ORP (mV) 123

Element Detection Limit (mg/kg) mg/dry kg in Feed Error Technique Detection Limit Borewater Leachate Error % Extraction (c) Blank

Ag 1 < 1 - ICPMS 0.001 < 0.001 - - < 0.001

Al (b) 100 1900 190 ICPAES 0.01 0.02 0.01 0.046 < 0.01

As 1 < 1 - ICPMS 0.001 < 0.001 - - < 0.001

B 100 60 12 ICPAES 0.05 < 0.05 - < 4 < 0.05

Ba 0.05 57 6 ICPMS 0.00005 0.022 0.002 (d) 0.14

Be 0.1 0.3 0.1 ICPMS 0.0001 < 0.0001 - < 1 < 0.0001

Cd 0.1 5.0 0.5 ICPMS 0.0001 < 0.0001 - < 0.09 < 0.0001

Co 1 2 1 ICPMS 0.001 < 0.001 - < 2 < 0.001

Cr 1 40 4 ICPMS 0.001 0.003 0.002 0.33 < 0.001

Cu 1 3 2 ICPMS 0.001 0.001 0.001 1.5 < 0.001

Hg 10 < 10 - ICPMS 0.01 < 0.01 - - < 0.01

Mn 1 210 21 ICPMS 0.001 < 0.001 - (d) 0.055

Mo 0.1 < 0.1 - ICPMS 0.0001 0.0010 0.0001 - 0.0001

Ni (b) 10 90 18 ICPMS 0.001 0.001 0.001 (d) 0.004

Pb (b) 0.1 340 34 ICPMS 0.0001 < 0.0001 - < 0.001 < 0.0001

Se 0.5 < 0.5 - ICPMS 0.0005 < 0.0005 - - < 0.0005

Th (b) 10 9240 920 ICPMS 0.00001 0.00002 0.00001 0.000005 0.00001

U (b) 10 350 35 ICPMS 0.00001 0.024 0.002 0.30 0.00001

V 1 14 1 ICPMS 0.001 < 0.001 - < 0.3 < 0.001

Zn 5 7 3 ICPAES 0.005 < 0.005 - < 3 < 0.005

Detection Limit (Bq/kg) Bq/dry kg in Feed Error

Th-232 40 37150 3720 ICPMS 0.00004 0.00008 0.00004 0.000005 0.00004

Ra-228 - 32470 3250 Gamma - 4.0 0.4 0.54 < 0.11

Th-228 - 36850 3690 Gamma - < 0.05 - < 0.006 < 0.04

U-238 120 4340 430 ICPMS 0.00012 0.30 0.03 0.30 0.00012

Ra-226 - 3410 340 Gamma - < 0.09 - < 0.1 < 0.08

Pb-210 - 4500 Gamma - < 1.3 - < 1 < 1.1

Po-210 - 4640 460 Alpha - 0.039 0.011 0.037 < 0.020

(a) Fusion digestion with ICPMS/ICPOES finish.

(b) XRF.

(c) Based on blank corrected concentrations, where applicable.

(d) Suggests adsorption/precipitation from solution.

Concentration (mg/L)

Concentration (Bq/L)

Concentration (a)

Appendix D2 – Borewater – Contaminant Metals and Radionuclides 
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Sample Description : ILUKA Neutralised Waste #2 11/2/21 Solids % Moisture : 52.5%

Solids to Borewater Leach (g wet) 30.760 Borewater Leach Liquor

Solids to Borewater Leach (g dry) 14.605 SG (g/mL) 0.9900

Borewater Liquor to Leach (g) 615.20 Initial pH 7.34

Borewater Residue (g dry) 12.12 Final Leachate pH 9.15

Solids Loss on Leaching (%) 17.03 Final Leachate ORP (mV) 123

Element Detection Limit (mg/kg) mg/dry kg in Feed Error Technique Detection Limit Borewater Leachate Error % Extraction (c) Blank

Ca 10 265000 27000 ICPAES 0.01 593 59 9.7 2.9

Ce 100 7100 710 ICPMS 0.00001 0.00009 0.00001 0.00004 0.00003

Fe 10 40900 4100 ICPAES 0.005 < 0.005 - < 0.0008 < 0.005

Hf (b) 0.01 2.6 0.3 ICPMS 0.00001 < 0.00001 - < 0.03 < 0.00001

K 10 70 14 ICPAES 0.01 14 1 < 1 (d) 14

La 100 3700 370 ICPMS 0.00001 0.00010 0.00001 0.00007 0.00004

Mg 100 11400 1100 ICPAES 0.005 15 2 1.1 12

Na 100 2800 280 ICPAES 0.01 160 16 70 115

Nb 10 120 12 ICPMS 0.0001 0.0001 0.0001 < 0.006 (d) 0.0001

P 10 17700 1770 ICPAES 0.01 0.03 0.02 0.0074 < 0.01

S 10 100700 10100 ICPAES 0.1 477 48 20 10

Sb (b) 0.1 1.0 0.1 ICPMS 0.0001 < 0.0001 - < 0.7 < 0.0001

Si 100 5600 560 ICPAES 0.1 1.1 0.1 (e) 9.8

Ti 10 2380 240 ICPMS 0.001 0.001 0.001 0.0018 < 0.001

Y (b) 1 480 48 ICPAES 0.001 < 0.001 - < 0.01 < 0.001

Zr 10 3140 310 ICPMS 0.00005 0.00044 0.00004 (e) 0.00065

(a) XRF.

(b) Fusion digestion with ICPMS/ICPOES finish.

(c) Based on blank corrected concentrations, where applicable.

(d) Assumes zero concentration in leachate. % extraction calculated based on detection limit.

(e) Suggests adsorption/precipitation from solution.

Concentration (a) Concentration (mg/L)

Appendix D2 (continued) – Borewater – Elements 
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List of Abbreviations used in this document 
 

ARPANSA  Australian Radiation Protection & Nuclear Safety Organisation 

RPS Radiation Protection Series 

IAEA International Atomic Energy Agency 

GSG General Safety Guide 

GSR General Safety Requirement 

ANSTO Australian Nuclear Safety & Technology Organisation 

MSP Mineral Separation Plant 

EMP Eneabba Monazite Pit 

DMIRS Department of Mines Safety and Industry Regulation 

DWER  Department of Water and Environmental Regulation 

TSF Tailings Storage Facility 

CLP Rare-Earth Cracking, Leaching and Purification 

SX Solvent Extraction 

HMC Heavy Mineral Concentrate 

EW Exempt Waste 

VSLW Very Short Lived Waste 

VLLW Very Low Level Waste 

LLW Low Level Waste 

ILW Intermediate Level Waste 

HLW High Level Waste 

NORM Naturally Occurring Radioactive Material 

mSv millisieverts per year (1Sv/1000) 

µSv Microsievert (1Sv/1000000) 

NRWMF National Radioactive Waste Management Facility 

EP1 Eneabba Monazite Project Phase 1 

EP2 Eneabba Monazite Project Phase 2 

EP3 Eneabba Monazite Project Phase 3 

ERER Eneabba Rare Earth Refinery (EP3) 

SR Synthetic Rutile 

ERICA Environmental Risk from Ionising Contamination Assessment 

RESRAD Residual Radioactivity 

 

  



 

 
 

 

 

EXECUTIVE SUMMARY 

The Eneabba Monazite Pit (EMP) has been receiving monazite rich residues from mineral separation plant (MSP) operations 
at Eneabba and Narngulu for approximately the past 30 years. Placement of the monazite concentrate was for long-term 
storage until such a time as favourable market conditions would allow Iluka to re-mine this material and sell it either as a 
concentrate; up-graded monazite product; or refined products from a rare earth extraction unit. Iluka is now re-claiming 
the mineral in a three-phase approach. 
 
Phase 1 (EP1) involves re-mining and clean-up of material from the EMP; screening to remove oversize; and desliming to 
remove fines / clay capping. The oversize is returned to the void; the clays to a dedicated tailings storage facility (TSF); and 
the washed product is approximately 20% rare earth phosphate minerals (mixed with zircon; ilmenite; and other accessory 
minerals) produced for sale.  
 
Phase 2 (EP2) will treat material from Phase 1 and  upgrade through physical separation to produce an 80-90% rare earth 
mineral concentrate (~20 ktpa), with further recovery of remaining heavy minerals into a heavy mineral concentrate (HMC) 
discarding the lighter, low value mineral sands. The rare earth mineral concentrate will be sold, and the remaining HMC will 
be trucked to Narngulu MSP for recovery of zircon and ilmenite products.  
 
Phase 3 (EP3) is still in the development phase, aims to upgrade the rare earth mineral concentrate stream (Phase 2 
product) into individual rare earth oxides through its proposed refinery. Phase 3 processing will comprise concentrate 
milling; sulphation roast; leaching; residue washing; impurity removal; separation through solvent extraction, product 
precipitation; filtration drying or calcination; then bagging. Phase 3 will hereafter be referred to as Eneabba Rare Earth 
Refinery (ERER). 
 
The ERER plant will receive the rare earth mineral concentrate stream from EP2; material from third party feed sources; 
and in the future, rare earth mineral concentrate from Iluka’s Wimmera project in Victoria amongst other sources. Waste 
classification is based on characterisation test work conducted on Eneabba rare earth mineral concentrate (Eneabba 
Monazite): ‘ANSTO C1731 2021-04-30 Eneabba Waste Treatment Report’; and from work conducted on Wimmera material: 
‘ANSTO C1663 2019-12-20 Wimmera Waste Treatment Process Development Report’. Bulk waste estimation from 
Wimmera material was provided by the project Process Engineer for input to the current classification. From a radiological 
perspective, the Wimmera Monazite / Xenotime bulk waste material would contain the highest radionuclide 
concentrations, but would only be processed once the Wimmera deposit and mining is established, and may then still be 
blended in with Eneabba monazite or third party feed sources. Test-work performed by ANSTO and waste characterisation 
conducted (as relevant to the current waste classification), was based on a flowsheet per Figure 1 of this report for the 
Eneabba Monazite test-work; and Figure 3 for the Wimmera test-work. Subsequent changes was made to the Eneabba 
flowsheet, targeting a zero discharge of liquid waste approach with re-circulation of most intermediate streams (Figure 2). 
It has to be noted that the current waste classification is indicative only, as based on available data and estimates to date. 
The waste will therefore be classified and verified based on actual results when testing is finalised. 
 
Under the new flowsheet, multiple potential TSF facilities are anticipated for ERER Bulk residue disposal and an emergency 
bleed brine storage / evaporation pond will also be required, but will be located within the boundary of the refinery. 
Potential waste streams anticipated from the ERER operations are:  

 

• Evaporation pond salts (brine evaporation emergency pond). Disposal would be required if not reclaimed and 
routed back into the circuit; or classified a by-product for potential future use in fertilizer products. 

• Off-gasses released into the atmosphere. Modern exhaust emissions criteria will be met through selection of 
scrubber units to ensure no exceedances are incurred.  

• Bulk washed leach residue (bulk of the radionuclides should report to this stream).  

• Potential scales formed through thermal and leaching processes. 

• Potential build-up of radionuclides within recirculating streams could bleed to precipitates or accumulate on 
filters over time (where / when solute saturation levels are exceeded). This could give rise to additional solid 
waste streams like contaminated filters. 



 

 
 

 

 

 
 
Review of available waste characteristics for ERER, and classification of such wastes were conducted in line with ARPANSA 
RPS G-4: Guide for Classification of Radioactive Waste; and ARPANSA RPS 6: National Directory for Radiation Protection, as 
based on IAEA General Safety Guide GSG-1: Classification of Radioactive Waste; and General Safety Requirements GSR Part 
3: Radiation Protection and Safety of Radiation Sources: International Basic Safety Standards. 
 
In summary, the activity concentration levels for distinguishing between different radioactive waste classifications are: 

• EW – Exemption Waste - per RPS 6 Schedule 4 & GSR Part 3 – Disposed of in conventional landfill facilities or 

discharged as liquid or gaseous waste, in some cases after decay. Exempt from regulatory control. 

• VSLW – Very Short Lived Waste – Less than 100 days half-life - Decay storage until levels are EW (not relevant to 

current project). 

• VLLW – Very Low Level Waste - Up to 100 times exemption levels as based on artificial materials. Even though 

specific levels for long-lived radionuclides is not as clearly defined, the guidance material references the way in 

which the waste will be stored (features of the disposal facility) and the potential doses to personnel and the 

environment. VLLW is suitable for disposal in near surface, industrial or commercial, landfill type facilities. Needs a 

moderate level of containment and isolation. 

• LLW – Low Level Waste - Between 100 times exemption up to 400 times exemption levels (or 400 Bq/g alpha). 

Disposal in engineered near surface facilities (3 to 30m in depth). Limited amounts of long-lived radionuclides but 

requiring robust isolation and containment up to a few hundred years. 

• ILW – Intermediate Level Waste - Between 400 times exemption (or 400 Bq/g alpha) up to 108 – 109 Bq/g. Disposal 

at depths of tens to a few hundred metres. Contains long-lived radionuclides and requires a greater degree of 

containment and isolation than that offered by near surface disposal, but no or little provision for heat dissipation. 

• HLW – High Level Waste - Greater than 108 – 109 Bq/g. Disposal in stable geological formations at depths of several 

hundred metres. Waste with large amounts of long-lived radionuclides and an activity concentration high enough 

to generate significant quantities of heat by the radioactive decay process. 

Australia does not have any HLW as spent nuclear fuel from the Opal reactor at ANSTO is sent offshore for processing and 

then returned to Australia as ILW. Currently, there is no disposal facility within Australia for ILW and all such wastes are 

stored until such a time as an ILW facility becomes available. The only LLW facilities in Australia are at Mount Walton; Tellus’ 

facility at Sandy Ridge; and the National Radioactive Waste Management Facility (NRWMF) that the Commonwealth plans 

for construction in South Australia. 

 
From the current evaluation, ERER waste streams are indicatively classified as follows: 
 

• Bulk washed leach residue - The Rare Earth Solid Residue (bulk waste solid) is classified as VLLW (under conditions 
of Eneabba Monazite feed on its own; Wimmera Monazite / Xenotime feed on its own; as well as the blend between 
Wimmera and Eneabba feed). The Wimmera feed on its own would represent a worst-case waste radionuclide 
activity concentration. Third party feeds blends are all indicated as being lower in activity concentrations than 
above materials and hence have a "dilution" effect on radionuclide concentrations in feed and wastes from the 
ERER facility; 

• Potential scales (roast section) - Alpha scale from Narngulu Synthetic Rutile (SR) Plant Kiln section (1100 °C) is 
classified as LLW  (Pb-210 & Po-210 concentrations as volatiles, or in-growth from parent radon gas). The ERER 
roast section temperature (270 °C) is not considered high enough to volatilise Pb-210 or Po-210 directly, but could 
increase radon emanation to serve as ‘carrier’ for in-growth of progeny Pb-210 or Po-210 within the off-gas system. 
Future work through ANSTO is scoped to incorporate radon emanation measurements to better quantify the extent 
to which radon gas release would increase during the roast;  



 

 
 

 

 

• Potential scales (leach section) - Gamma scale from the Narngulu SR plant leach section is 
classified as ILW (Ra-228 and Th-228 concentrations). To note: scale characterisation is dependent on the rare 
earth-bearing feed mineral phase; the amount of thorium and uranium present; and the ratio between thorium 
and uranium. Eneabba Monazite feed is dominant in the thorium decay chain with Ra-228 mainly a gamma emitter, 
thereby potentially accumulating as a gamma scale. Feed material with a higher component of the uranium decay 
chain (relative to thorium) could accumulate Ra-226 in a larger proportion, potentially giving rise to an additional 
alpha scale. The actual formation of such scales within the ERER leach section can however only be confirmed once 
in operation; 

• Off-gasses released into the atmosphere – Stack emissions of combustion gases and process exhaust will be 
engineered as to meet the Environmental Protection Regulations (1987) in line with the Department of Water, 
Environment and Regulation Guideline for air Emissions (October 2019)  through selection of scrubber units to 
ensure no exceedances are incurred (particulates; CO2; SO2; Radon etc.); and 

• Evaporation pond salts - Evaporated RO Retentate (Brine salt) is classified as EW.  
 

Current uncertainties are: 

• How introduction of third party feed would affect geochemical landfill classification under the Department of Water 
and Environmental Regulation (DWER) guidelines. To note: these guidelines are separate from the scheme for 
radioactive waste classification and a separate test regime is in scope to address the geochemical classification of 
wastes;  

• The extent and characterisation of Alpha scale which could potentially form from thermal processing like the rare 
earth sulphation bake / roast circuit. It is not anticipated that lead or polonium would directly volatilise during the 
roast as the temperatures are not high enough. Secondary formation from decay of radon gas however remains a 
possibility, the extent of which will be dependent on residence time within the off-gas system, and whether radon 
emanation would significantly increase during the roasting process. Radon is a radioactive gas which will partially 
route to the off-gas or scrubber system (extent not currently quantified). Radon’s progeny nuclides (lead; polonium 
and bismuth),  have been observed in Iluka SR plants at Narngulu and North Capel. The temperatures at which the 
SR kilns are operated are however high enough to also directly volatilise these nuclides, in addition to decay from 
radon gas. The presence of alpha scales and radon gas build-up will be evaluated during operations through gas 
and alpha measurements prior to any maintenance activities, per existing procedures for SR. Dependent on the 
activity concentrations of such scales, it would either be washed off during maintenance (if removable) and 
captured in the gas scrubber liquor system, neutralised, and routed to the solid waste residue, or stored for future 
disposal. Any removal of scales will be conducted in line with site specific procedures and subject to the Radiation 
Management Plan. 

• The extent and characterisation of Potential Gamma scale (including potential alpha portion) which is expected to 
form in circuits of acid contact, with specific reference to sulphuric acid. Radium is relatively mobile but would form 
stable precipitate from solution when in contact with sulphate (SO4), thereby accumulating in sulphuric acid circuits 
as scales in vessels, pipes etc. Thorium precipitation can also occur around pH 3, depending on conditions. Gamma 
scales observed in Narngulu SR Plant acid circuit are dominated by Ra-228 and Th-228. Feed stocks with relatively 
increased uranium content (such as Wimmera) could result in additional alpha scale formation;  

• Off-gasses are currently un-defined, though expected to be controlled through scrubber selection. Off-gas 
specifications should include lead; polonium; bismuth; radon; and arsenic;  

• Potential build-up of radionuclides within recirculating streams could bleed to precipitates or accumulate on filters 

over time (where / when solute saturation levels are exceeded). This could give rise to additional solid waste 

streams like contaminated filters. 

• How fluctuations in feed; processing; or waste disposal, could change characterisation of wastes over time, or 

homogenisation of such wastes to prevent formation of higher activity lenses to develop. 

  



 

 
 

 

 

1. OBJECTIVE 
 

Review of available waste characteristics for ERER, based on Eneabba Monazite feed (per ‘ANSTO C1731 2021-04-30 
Eneabba Waste Treatment Report’); and from work conducted on Wimmera material: ‘ANSTO C1663 2019-12-20 Wimmera 
Waste Treatment Process Development Report’. Bulk waste estimation from Wimmera material was provided by the 
project Process Engineer for input to the current classification. Classification of such wastes were conducted in line with 
ARPANSA RPS G-4: Guide for Classification of Radioactive Waste; and ARPANSA RPS 6: National Directory for Radiation 
Protection, as based on IAEA General Safety Guide GSG-1: Classification of Radioactive Waste; and General Safety 
Requirements GSR Part 3: Radiation Protection and Safety of Radiation Sources: International Basic Safety Standards. 
 
2. BACKGROUND 
 
The Eneabba Monazite Pit (EMP) has been receiving monazite rich residues from mineral separation plant (MSP) operations 
at Eneabba and Narngulu for approximately the past 30 years. Placement of the monazite concentrate was for long-term 
storage until such a time as favourable market conditions would allow Iluka to re-mine this material and sell it either as a 
concentrate; up-graded monazite product; or refined products from a rare earth extraction unit. Iluka is now re-claiming 
the mineral in a three-phase approach. 
 
Phase 1 (EP1) involves re-mining and clean-up of material from the EMP; screening to remove oversize; and desliming to 
remove fines / clay capping. The oversize is returned to the void; the clays to a dedicated tailings storage facility (TSF); and 
the washed product is approximately 20% rare earth phosphate minerals (mixed with zircon; ilmenite; and other accessory 
minerals) produced for sale.  
 
Phase 2 (EP2) will treat material from Phase 1 and  upgrade through physical separation to produce an 80-90% rare earth 
mineral concentrate (~20 ktpa), with further recovery of remaining heavy minerals into a heavy mineral concentrate (HMC) 
discarding the lighter, low value mineral sands. The rare earth mineral concentrate will be sold, and the remaining HMC will 
be trucked to Narngulu MSP for recovery of zircon and ilmenite products.  
 
Phase 3 (ERER) is still in the development phase, aims to upgrade the rare earth mineral concentrate stream (Phase 2 
product) into individual rare earth oxides through its proposed refinery. ERER processing will comprise concentrate milling; 
sulphation roast; leaching; residue wash; impurity removal; separation through solvent extraction, precipitation drying or 
calcination then bagging. 
 
The process flowsheet is in final stages of development, and may be refined as test results become available. Figure 1 

represents a layout of the process per ‘ANSTO C1731 2021-04-30 Eneabba Waste Treatment Draft Report’. Test-work 

performed by ANSTO and waste characterisation conducted (as relevant to the current waste classification), was based on 

the flowsheet per Figure 1 for Eneabba Monazite Feed; and per Figure 3 for Wimmera Feed. Subsequent changes to this 

flowsheet is shown in Figure 2 (June 2021) and potential variation in waste characteristics is discussed in following sections. 

The differences between Figure 1 (April) and Figure 2 (June) flowsheets are: 

• The April flowsheet has a dedicated Neutralisation Circuit prior to TSF disposal. The neutralisation circuit receives 

four waste streams: 

o Off-gas scrubbing effluent (could contain in-growth products lead, polonium, bismuth, and also potentially 

arsenic). 

o Solid residue (combined sulphation leach residue and iron-phosphate precipitation residue). The bulk of 

the radionuclides will report to the solid residue. 

o Ion exchange (IX) Effluent will contain elevated levels of uranium which will precipitate into the residue 

when lime is added. 



 

 
 

 

 

o Magnesia recovery Effluent / Sulphate Waste Barrens will contain actinium which will 

precipitate into the solid residue in that circuit. 

• Salt water (brine) is abstracted from the TSF decant and would be a separate waste stream for either disposal or 

evaporation. 

 

• The June flowsheet does not have a dedicated neutralisation circuit, and neutralisation is incorporated within the 

Magnesia Recovery circuit in effect reducing residue sources: 

o Off-gas scrubbing effluent is now routed to the magnesia recovery circuit. 

o The magnesia recovery circuit still receives the Sulphate Waste from the solvent extraction (SX) circuit (as 

per April flowsheet), but the Sulphate Waste Barrens (from the magnesia recovery circuit) is now routed to 

a water recovery and purification plant, rather than the TSF. Brine from the reverse osmosis (RO) circuit 

within the water purification plant, will be routed back to magnesia recovery, with an emergency bleed 

option to a storage / evaporation dam. 

o Ion exchange (IX) Effluent is redirected to the magnesia recovery circuit, rather than to the neutralisation. 

The lime added to the magnesia circuit will precipitate the uranium in the same way and report to the 

residue. 

o Solid residue now reports directly to the TSF without going through direct neutralisation. 

o De-cant water abstracted from the TSF would now be re-cycled back to the solids residue wash stage. 

o Solid residue is stored in water rather than brine 

o No liquid discharge from circuit. 

 

 

 

  



 
 

 

 

 

 

Figure 1: Flow Diagram for Eneabba Rare Earth Process as at April 2021 

 

Phase 2 Concentrate 



 
 

 

 

 

Figure 2: Flow Diagram for Eneabba Rare Earth Process as at 3 June 2021 

 

Phase 2 Concentrate 



 
 

 

 

 

 

Figure 3: Wimmera Flowsheet 

Rare Earth Refining 



 

 
 

 

 

 
Multiple potential TSF facilities are anticipated for ERER: Bulk residue disposal (Figure 4) and an emergency brine 
storage / evaporation pond (per June flowsheet). The locations of the emergency brine storage facility is not yet 
defined, but will exist within the boundary of the processing site.  
 

 
Figure 4: ERER infrastructure and TSF locations 
 

Waste streams anticipated from the ERER operations are: 
 

• Evaporation pond salts (brine evaporation emergency pond). Disposal would be required if not reclaimed and 
routed back into the circuit; or classified a by-product for potential future use in fertilizer products. 

• Off-gasses released into the atmosphere. Modern exhaust emissions criteria will be met through selection of 
scrubber units to ensure no exceedances are incurred.  

• Bulk washed leach residue (bulk of the radionuclides should report to this stream).  

• Potential scales formed through thermal and leaching processes. 

• Potential build-up of radionuclides within recirculating streams could bleed to precipitates or accumulate on 
filters over time (where / when solute saturation levels are exceeded). This could give rise to additional solid 
waste streams like contaminated filters 

 
Materials with potential use in future (e.g. ammonium nitrate by-product), or future recovery of minerals fall outside 
of the waste classification. Even though the brine salt might be considered for future use in fertilizer products, it was 
included in the current classification as it might end up being a waste stream (only if emergency pond is used and not 
reclaimed for re-circulation). 



 

 
 

 

 

3. ESTIMATED WASTE CLASSIFICATION 
 

3.1 Waste Classification Legislation - Exemption 
 
Under the National Directory (ARPANSA), a material is deemed to be radioactive if the concentration of any 

radionuclide in the Th-232, U-238 and U-235 decay chains exceeds the limits given in Schedule 4 of the Directory (RPS 

6). Radioactive waste, as defined by the Framework, is material that no longer has any foreseeable use and contains 

radioactive materials with activities or activity concentrations at levels that require ongoing management to ensure its 

safety. Both the total activity (volumes included) and activity concentration are thereby taken into account to define 

radioactive waste. Waste as generated by Iluka should be classified under EW; VLLW; LLW; ILW (or Category S). 

Australia has a uniform national radioactive waste classification system which harmonises the principles and practices 

for management of radioactive waste across the states and territories. It is based on the IAEA guidelines, adapted for 

the Australian situation. While the guidance is advisory, all jurisdictions in Australia have indicated their intention to 

adopt the scheme. As a first step in radioactive waste management, waste producers will be required to arrange 

characterisation and assessment of their waste to determine if it meets the requirements for exemption from 

regulatory control as radioactive material. 

IAEA GSR Part 3 Table I.1 specifies Exemption Levels per radionuclide for moderate amounts of material without 
further consideration. RPS 6, Schedule 4, also lists Exemption Levels as activity concentration (Bq/g) and total activity 
(Bq) for individual radionuclides and reflects the exemption levels per GSR Table I.1. GSR Part 3 Table I.3 further 
specifies activity concentration Exemption Levels for radionuclides of natural origin for K-40 at 10 Bq/g and 
radionuclides in the uranium or thorium decay chains at 1 Bq/g (head of chain, assuming secular equilibrium between 
parent and progeny nuclides).  
 
RPS 6, Section 3.2.2: Criteria to exempt radioactive material / practices from notification, registration and licensing are:  

(a)  the radioactive material has an activity concentration less than that prescribed in Schedule 4 or contains 
less than the activity prescribed in Schedule 4, or  

(b)  the radioactive material has an activity concentration greater than that prescribed in Schedule 4 and 
consists of or contains greater than the activity prescribed in Schedule 4, but causes an annual effective 
dose to an individual member of the public of less than 10 μSv, and a collective effective dose to the critical 
group committed by one year of performance of the practice, as determined by the Authority, of less than 
1 person.Sv (dose to a population, the person-Sv is unit used, and represents the product of the average dose per person times 

the number of people exposed), or 
(c)  in the case of a mixture of radioactive materials, where each of the radioactive materials present does not 

exceed the individual activity or activity concentration, the mixture is defined as exempt if the sum of the 
fractions obtained by dividing the activity of each material present by the appropriate activity value from 
Schedule 4, or the sum of the fractions obtained by dividing the activity concentration of each material 
present by the appropriate activity concentration value from Schedule 4, does not exceed 1.  

(d)  in the special case of exposure to naturally-occurring Rn-222 in the workplace, the long-term average 
concentration of Rn-222 is less than 1000 Bq/m3. 

 

3.2 Waste Classification Scheme 

Once characterised, the waste material can be classified against waste categories per Figure 5, based on activity 
concentrations; total activity; and half-lives of radionuclides contained within the waste. Figure 6 provides a systematic 
approach (decision tree) for the classification scheme (adopted from GSG-1), and this approach was implemented in 
the current classification of the ERER waste. Table 1 and Figure 7 (adopted from GSG-1) details guideline distinctions 
between the different waste categories as based on activity concentrations and half-life. From Figure 7, it is shown 
that wastes with naturally occurring radionuclides (NORM), as would be present in ERER bulk waste, can be classified 



 

 
 

 

 

as Exempt Waste (EW); Very Low Level Waste (VLLW); Low Level Waste (LLW); or Intermediate 
Level Waste (ILW), depending on activity concentrations and total activity.  
 

 
 

Figure 5: The five classes of radioactive waste (and exempt waste). The figure illustrates in a generalised manner 

the relationship between classification, activity content, half-life, and disposal options {adopted from RPS G-4 – 

Figure 1}



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Flow chart diagram illustrating the use of the classification scheme (adopted from GSG-1) 



 

 
 

 

 

 
Table 1 – Waste Classification Scheme 
 

 
 

 

Figure 7 Flow chart diagram illustrating the use of the classification scheme (adopted from GSG-1) 



 

 
 

 

 

 
 

In summary, the activity concentration levels for distinguishing between different radioactive waste classifications are: 

• EW – Exemption Waste - per RPS 6 Schedule 4 & GSR Part 3 – Disposed of in conventional landfill facilities or 

discharged as liquid or gaseous waste, in some cases after decay. Exempt from regulatory control. 

• VSLW – Very Short Lived Waste – Decay storage until levels are EW (not relevant to current project). 

• VLLW – Very Low Level Waste - Up to 100 times exemption levels as based on artificial materials. Even though 

specific levels for long-lived radionuclides is not as clearly defined, the guidance material references the way in 

which the waste will be stored (features of the disposal facility) and the potential doses to people and the 

environment. VLLW is suitable for disposal in near surface, industrial or commercial, landfill type facilities. Needs a 

moderate level of containment and isolation. 

• LLW – Low Level Waste - Between 100 times exemption up to 400 times exemption levels (or 400 Bq/g alpha). 

Disposal in engineered near surface facilities (3 to 30m in depth). Limited amounts of long-lived radionuclides but 

requiring robust isolation and containment up to a few hundred years. 

• ILW – Intermediate Level Waste - Between 400 times exemption (or 400 Bq/g alpha) up to 108 – 109 Bq/g. Disposal 

at depths of tens to a few hundred metres. Contains long-lived radionuclides and requires a greater degree of 

containment and isolation than that offered by near surface disposal, but no or little provision for heat dissipation. 

• HLW – High Level Waste - Greater than 108 – 109 Bq/g. Disposal in stable geological formations at depths of several 
hundred metres. Waste with large amounts of long-lived radionuclides and an activity concentration high enough 
to generate significant quantities of heat by the radioactive decay process. 

 
Australia does not have any HLW as spent nuclear fuel from the Opal reactor at ANSTO is sent offshore for processing 
and then returned to Australia as ILW. Currently, there is no disposal facility within Australia for ILW and all such wastes 
are stored until such a time as an ILW facility becomes available. The only LLW facilities in Australia are at Mount Walton; 
Tellus facility at Sandy Ridge; and the National Radioactive Waste Management Facility (NRWMF) that the 
Commonwealth plans for construction in South Australia. 
 
 
3.2 EP3 Solid Waste Streams  
 
Waste steams were classified in line with ARPANSA RPS G-4: Guide for Classification of Radioactive Waste; and 
ARPANSA RPS 6: National Directory for Radiation Protection, as based on IAEA General Safety Guide GSG-1: 
Classification of Radioactive Waste; and General Safety Requirements GSR Part 3: Radiation Protection and Safety of 
Radiation Sources: International Basic Safety Standards. 
 
The ERER plant will receive the rare earth mineral concentrate stream from EP2; material from third party feed sources; 
and in the future, rare earth mineral concentrate from Iluka’s Wimmera project in Victoria amongst other sources. 
Waste classification is based on characterisation test work conducted on Eneabba rare earth mineral concentrate 
(Eneabba Monazite): ‘ANSTO C1731 2021-04-30 Eneabba Waste Treatment Report’; and from work conducted on 
Wimmera material: ‘ANSTO C1663 2019-12-20 Wimmera Waste Treatment Process Development Report’. Bulk waste 
estimation from Wimmera material was provided by the project Process Engineer for input to the current classification. 
From a radiological perspective, the Wimmera Monazite / Xenotime bulk waste material would contain the highest 
radionuclide concentrations, but would only be processed once the Wimmera deposit is developed and mining 
established, and may then still be blended in with Eneabba monazite or third party feed sources. Test-work performed 
by ANSTO and waste characterisation conducted (as relevant to the current waste classification), was based on a 
flowsheet per Figure 1 of this report for the Eneabba Monazite test-work; and Figure 3 for the Wimmera test-work. 
Subsequent changes were made to the Eneabba flowsheet, targeting a zero discharge of liquid waste approach with 
re-circulation of most intermediate streams (Figure 2).  
 



 

 
 

 

 

The ANSTO work on Eneabba Monazite did not create a brine stream as this was out of scope, but 
did reconstruct the bulk washed leach residue for which classification is done in the current document. Previous work: 
Indicative Radiological Waste Classification EP3, January 2021, evaluated studies conducted in development of the 
Wimmera project (ANSTO/C1663 Wimmera Waste Treatment Process Development, February 2020); projected 
material analysis as provided by the Project Process Engineer for Phase 3 (inclusive of brine); as well as an atmospheric 
emission study conducted by ANSTO for the Wimmera Project. No current data is available for potential scale 
formation, but a previous study was conducted by ANSTO on scales originating from Narngulu Mineral Separation Plant 
(MSP) and Synthetic Rutile Plant (NSR). Though not expected that ERER would produce alpha scales of similar activities 
than NSR, the potential formation of alpha (roasting) or gamma (leach) scales are still considered. Table 2 estimates 
the blend ratios for various feed combinations expected in future production through the ERER plant. The feed mass 
ratios per Table 2 was used to ‘simulate’ a waste blend between Eneabba and Wimmera.  
 
 
Table 2 - EP3 Feed Blend Ratios (tonne per annum) 
 

Blends 

Base Case Blend 2 Blend 3 Blend 4 Blend 5 Blend 6 Blend 8 Blend 9 

Eneabba / 
External 1 

Eneabba / 
External 2 

Wimmera / 
External 2 

Wimmera 
Double rate 

Eneabba / 
External 1 / 
External 2 

Eneabba 
Double 

Rate 

Wimmera / 
External 1 

Eneabba / 
Wimmera Concentrate  

Feed 

Eneabba 16,300 t 27,433 t - - 16,300 t 32,600 t - 16,300 t 

Wimmera - - 27,982 t 35,536 t -  16,626 t 18,910 t 

External 2 - 12,500 t 12,500 t - 12,500 t    

External 1 38,300 t - - - 23,001 t  38,300 t  

Total 54,600 t 39,933 t 40,482 t 35,536 t 51,801 t 32,600 t 54,926 t 35,210 t 

 
 
Table 3 summarises the radionuclide activity concentration levels of the various waste stream estimates as currently 
available; Table 4 summarises the Exemption Levels; and Table 5 summarises the waste classification under the various 
conditions of the waste classification scheme. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 

 

Table 3 - Eneabba ERER Solid Waste Stream Estimated Radionuclide Concentrations 

Nuclide  

ANSTO test-work 
Eneabba Monazite Feed 

Reconstructed from ANSTO Wimmera 
test-work Eneabba & 

Wimmera 
Bulk Waste 

Solid 

NSR Scales 

ERER Bulk Waste Solid  

Wimmera Bulk Waste 
Solid (Ian Gough) Dec 

2020 

Wimmera Brine 
(Ian Gough) Dec 

2020 

Alpha Scale 
NSR 

Gamma Scale 
NSR 

Unit Bq/g Bq/g Bq/g Bq/g Bq/g Bq/g 

U-238 2.4 5.5 0.12 4.1 0.37 0.12 

Th-230 4.9 19.86 0.18 12.9 1.2 9.2 

Ra-226 3.4 10.4 0.071 7.2 2.3 150 

Pb-210 4.5 13.94 0.07 9.6 180 51 

Po-210 4.6 7.54   6.2 205   

U-235 0.11 0.26 0.023 0.2 0.017 0.53 

Pa-231 0.81 1.06 0.044 0.9 0.13 1.4 

Ac-227 0.29 0.10 0.011 0.2     

Th-227 0.29   0.011 0.3# 0.085 2.7 

Th-232 37 78.4 0.04 59.2 0.4 25 

Ra-228 33 70.51 0.014 53.1 5.4 380 

Th-228 37 82.34 0.014 61.4 5.5 480 

K-40 0.3   0.065 0.3# 0.055 0.68 

Total 407 915.19 1.1  630 5220 

Note: Grey cells < Minimum Detectable Limit (MDL) 
#Value adopted from Eneabba Monazite Residue as no value for Wimmera available 
 

Table 4 – RPS 6 Schedule 4 and GSR Part 3 Exemption Levels 

Radionuclide 
RPS 6 Exemption Levels Schedule 4 GSR Part 

3 Table 
I.3 Activity Concentration Total Activity  

Unit Bq/g Bq Bq/g  

U nat (total)1 1 1000   

Th nat (total)1 1 1000   

U-238 10 10000 1  

Th-230 1 10000 1  

Ra-226 10 10000 1  

Pb-210 10 10000 1  

Po-210 10 10000 1  

U-235 10 10000 1  

Pa-231 1 1000 1  

Ac-227 0.1 1000 1  

Th-227 10 10000 1  

Th-232 10 10000 1  

Ra-228 10 100000 1  

Th-228 1 10000 1  

K-40 100 1000000 10  

Note: Listed radionuclides are head of chain, with shorter lived sub-chain progeny present in equilibrium, e.g. U-238 assumes Th-234 and Pa-234m 
are present and will contribute to potential doses.  
For decay chains not in secular equilibrium, sub-head of chain limits are relevant and the sum-of-fractions calculation is used 
1Unat and Thnat used for decay chains in secular equilibrium 

 



 

 
 

 

 

3.3 EP3 Solid Waste Classification  
 
Table 5 - Eneabba ERER Waste Classification 
 

Based on RPS 6 Schedule 4 & GSR Part 3 Table I.1 & GSR Part 3 Table I.3 

ERER Bulk Waste 
Solid 

Wimmera Bulk 
Solid  

Wimmera 
Brine 1 

Eneabba & Wimmera 
Bulk Waste Solid 

Alpha Scale NSR Gamma Scale NSR 

VLLW (Category C) VLLW (Category C) Exempt VLLW (Category C) 
LLW (based on Pb-210 & 
Po-210 concentrations) 

ILW (based on Th-228 
concentration) 

Note: Classification was done on individual radionuclides as well as sum-of-fractions, as the decay chains are not in secular 
equilibrium.  
1Wimmera Brine is expected to be different from ERER brine 
 

The Wimmera Brine is classified as EW. The ERER Solid Residue (bulk waste solid) is classified as VLLW (under 

combinations of Eneabba Monazite feed on its’ own; Wimmera feed on its’ own; and combined Wimmera and 

Eneabba feed). Alpha scale from NSR is classified as LLW (based on Pb-210 & Po-210 concentrations); and gamma 

scale from NSR as ILW (based on Th-228 concentration). Though the Eneabba site is not considered to be an arid and 

remote location, as specified relevant to the Near Surface Code (ARPANSA Code of practice for the near-surface 

disposal of radioactive waste in Australia, 1992 – Appendix 1), the ERER bulk waste solid would be classified as 

Category C waste under the Code. Category C waste would require a 5m cover depth.  

Even though specific activity levels for long-lived radionuclides is not as clearly defined for the VLLW boundary, the 

guidance material references the way in which the waste will be disposed (features of the disposal facility) and the 

potential doses to human receptors and the environment. Figure 8 provides the conceptual cover and base liner 

design (Wood) for the ERER waste facility, thereby including double bottom liners (underlain by impermeable clay 

layer) with leak detection and liquor abstraction for re-circulation. The cover will vary between 4 and 9m with an 

average assumed depth of 6m, and would constitute multiple layers, including a liner; drainage layer for watershed 

from the facility; subsoil fill material layers and growth medium or topsoil. The facility design would therefore be 

suitable for LLW (engineered near surface disposal), even though the waste is classified as being VLLW. As to quantify 

the post closure risk to human receptors and non-human biota, RESRAD and ERICA modelling have been conducted 

and concluded that post closure dose rates to non-human biota would be negligible. Post closure modelling of human 

receptors determined that native vegetation would be a suitable final land use for the waste facility; and for an onsite 

residential farmer (6 m cover), no significant dose rates would be received from water unrelated pathways of 

exposure. If a farmer was abstracting groundwater from a well located 1 km down-gradient of the waste, he / she 

would receive 0.2 mSv/y of dose from drinking only this water, at a rate of 2 litres per day for 365 days per year, but 

only at a time well in excess of a 1000 years post closure. Considering that the closest human receptors are based at 

Eneabba town, approximately 5.5 km away from the waste disposal site, and at a location trans-gradient of ground 

water flow, it is not foreseen that any potential plume of groundwater contamination would influence Eneabba town, 

even if the facility liner is leaking. 

 



 

 
 

 

 

 

Figure 8 Conceptual cover and base liner design for ERER waste facility (not to scale) 

 

SCALES CHARACERISATION 

ANSTO AM/TM/2017_05_12 - CHARACTERISATION OF SCALES, S Brown, B Ring, May 2017, evaluated a scale sample 
from the Narngulu Mineral Separation plant from a vessel used at the sulphuric acid leach plant, where iron is leached 
from zircon that contains very low levels of radionuclides from the naturally occurring Th-232, U-238 and U-235 decay 
chains. The measured alpha count rate for the scale was ~50,000 counts per minute and was dependent upon the 
depth of the scale build-up. This count rate is significantly higher than that generally measured around the site. 
 
Additionally, at the Narngulu Synthetic Rutile (NSR) site, an “alpha” scale and a “high gamma” scale have been 
identified. All three scales have been evaluated through ANSTO. 
 
Major phases determined from ANSTO x-ray diffraction (XRD) determined the scales to consist of: 

 
Sample 1: zircon (ZrSiO4); jarosite (KFe3+3(OH)6(SO4)2); barite (BaSO4 (0.75)) / strontianite (SrCO3 (0.25)) 
Sample 2: cerussite (PbCO3); anglesite (PbSO4), scotlandite (PbSO3) 
Sample 3: rutile (TiO2); barium sulphate ((BaSO4 (0.7)) / barium sulphite ((BaSO3 (0.3)) 

 
 
 
 
 



 

 
 

 

 

 
Table 6 Radionuclide Concentrations (Bq/g) contained in scales 
 

 
(a) XRF 

(b) Gamma spectrometry 

(c) Alpha spectrometry 

(d) Below gamma spectrometry detection limit. Calculated from the measured U-238 concentration. 

(e) Contribution of all radionuclides, both long- and short-lived in sample. The following was assumed: 

concentration of Po-210 = Pb-210 in samples 1 and 3, concentration of Ac-227 = Th-227. 

na - not analysed 
 
 

Sample 1 – ZFP Alpha Scale 
 
Sample 1 originated from the zircon finishing plant (ZFP): feed material to ZFP at ~95% zircon and ~1% monazite is 
leached in 98% sulphuric acid to remove Fe and Ti from zircon surfaces. Fresh water is added at the reactor discharge 
sump to dilute the low pH paste in the sump. The scale was identified in the sump on both the rubber lining inside the 
sump and on the stainless steel components (expeller and screen) of the sump and pump. No scale was found 
downstream of the pumps at the next stage of processing. 
 
 

 

 

 

 



 

 
 

 

 

Figure 9 Narngulu ZFP Sump 

 

 Sample 1 was found to contain unreacted zircon together 
with jarosite and barite, consistent with the XRF results – 
Zr (25%), Si (6.9%), Ti (2.4%), K (1.4%), Fe (7.9%), Ba 
(2.2%), S (3.1%) – and is considered to be primarily a 
radium scale. Both jarosite and barite, identified in XRD, 
have the potential to carry radionuclides (RNs) under 
favourable conditions. 
 
The Th-232 decay chain was found not to be in secular 
equilibrium. Thorium-232 was present in the scale at a 
much lower concentration than Ra-228 (530 Bq/g). This 
suggests that thorium, which is soluble in sulphuric acid, 
remains in solution while Ra-228 reports to the scale. 
Radium-228 and its daughter, Th-228 (140 Bq/g), were 
not in secular equilibrium with each other. Since no Th-
232 reported to the scale, Th-228, with a half-life of 1.9 
years, is growing in from Ra-228 and will be in secular 
equilibrium with its progeny. 
 
 
For the Uranium-238 and U-235 decay chains: Radium-
226 (99 Bq/g) was in secular equilibrium with its short-
lived progeny but not with Pb-210 (65 Bq/g). Since the XRF 

results indicate a small amount of Pb is present in the scale (0.3%), the sample will contain both deposited Pb-210 and 
Pb-210 growing in from Ra-226. Protactinium-231 was not found in the scale. The results indicate that Ac-227 (4.4 
Bq/g), in secular equilibrium with its progeny, is accumulating in the scale. 
 

Sample 2 – NSR Alpha Scale 
 
The synthetic rutile enhancement process (SREP) area was designed to remove radioactivity from the SR. The NSR 
process involves the processing of ilmenite which contains ~ 0.5% monazite, through a kiln to remove the iron from 
the ilmenite grain to form titanium dioxide. Coal, together with hydroboracite (which allows the removal of the 
calcium), is added to the kiln at ~ 3000 degrees. After this, the iron is leached in sulphuric acid. The final step is to 
remove the iron from the titanium in an ammonium chloride solution. Alpha scale was prevalent in many vessels 
throughout this process. 
 
Sample 2 came from the waste gas vessel, within the waste gas system. The vessel is manufactured from stainless steel 
and the grey colored scale was located inside. Sample 2 was found to contain mainly lead in the form of cerussite 
(PbCO3), anglesite (PbSO4) and scotlandite (PbSO3). This is consistent with the XRF results which showed 28% Pb. 
Sample 2 is considered to be primarily a Pb-210/Po-210 scale (180/200 Bq/g), which contains both Ra-226 (2.3 Bq/g) 
and Ra-228 (5.4 Bq/g). The sample also contained Ti (1.5%) and As (2.1%). 
 
The Th-232 decay chain was not in secular equilibrium. Thorium-232 was below the detection limit of 0.4 Bq/g, 
however, Ra-228 (5.4 Bq/g) and Th-228 (5.5 Bq/g) were found to be in secular equilibrium with each other. 
 
The U-238 decay chain was also not in secular equilibrium. Some U-238 (0.37 Bq/g) and U-235 (0.017 Bq/g), in secular 
equilibrium with their respective progeny, reported to the scale. Radium-226 was in secular equilibrium with its short-



 

 
 

 

 

lived progeny but not with Pb-210 (180 Bq/g). Polonium-210 is considered to be in secular 
equilibrium with Pb-210, within an analytical error of ± 10%. The scale did not contain Pa-231 or Ac-227. 

 

Figure 10 Flow chart for Narngulu Synthetic Rutile Plant 

Both Pb-210 and Po-210 are volatile elements and the high concentrations of these RNs in the scale are considered to 
be due to volatilisation followed by condensation onto fine dust-like particles because of the high temperature used 
in the process. The elevated concentration of As (2.1%) in the scale compared to Sample 1 (0.06%) and Sample 3 
(0.039%) also supports this conclusion. Arsenic is another volatile element often found in higher concentrations in flue 
gases. 
 
The scale also contained Ti (1.5%), which could be due to the presence of unreacted ilmenite. Given that there is a high 
degree of disequilibrium between Th-232 and Ra-228, and U-238 and Ra-226, it is possible that some radium has also 
volatilised in the kiln.  

 
Sample 3 – NSR Gamma Scale 
 
Sample 3 came from a vessel located in the acid leach area of SREP, where a sulphuric acid leach was followed by a 
caustic wash. The vessel was situated where fresh water was added to a low pH SR stream to start the neutralisation 
process (i.e. raise the pH of the product). 
 
Sample 3 was found to contain rutile, together with barium sulphate. This is consistent with the XRF results which 
showed the presence of Ti (15%) and Ba (19%). Sample 3 is considered to be primarily a radium scale. 
 

Gas 

Cleaning 

Circuit 



 

 
 

 

 

The Th-232 decay chain was not in secular equilibrium. The concentration of Th-232 in the scale 
(25 Bq/g) was much lower than Ra-228 (380 Bq/g) and Th-228 (480 Bq/g). The presence of Th-232 and a higher 
concentration of Th-228 compared to Ra-228 suggests that thorium was precipitated in this process. Thorium 
precipitation can occur at around pH 3, depending on the conditions. An equilibrium will exist between Th-228 that 
has been precipitated and Th-228 growing in from Ra-228. Because of this, Th-228 will never reach secular equilibrium 
with Ra-228 but will always be in secular equilibrium with its progeny. 
 
Uranium-238 and U-235 were not found in the sample. Radium-226 (150 Bq/g) was in secular equilibrium with its 
progeny but not with Pb-210 (51 Bq/g). Since the XRF results indicate a small amount of Pb to be present in the scale 
(0.1%), the sample will contain both deposited Pb-210 and Pb-210 growing in from Ra-226. Protactinium-231 was not 
found in the scale. The results indicate that Ac-227 (2.7 Bq/g), in secular equilibrium with its progeny, is accumulating 
in the scale. 
 

Potential Scale formation in ERER 

The extent and characterisation of Alpha scale which could potentially form from thermal processing like the rare earth 

sulphation bake / roast circuit, is not currently defined. It is not anticipated that lead or polonium would directly 

volatilise during the roast as the temperatures are not high enough. Secondary formation from decay of radon gas 

however remains a possibility, the extent of which will be dependent on residence time within the off-gas system, and 

whether radon emanation would significantly increase during the roasting process. Radon is a radioactive gas which 

will partially route to the off-gas or scrubber system (extent not currently quantified). Radon’s progeny nuclides (lead; 

polonium and bismuth),  have been observed in Iluka SR plants at Narngulu and North Capel. The temperatures at 

which the SR kilns are operated is however high enough to also directly volatilise these nuclides, in addition to decay 

from radon gas. The presence of alpha scales and radon gas build-up will be evaluated during operations through gas 

and alpha measurements prior to any maintenance activities, per existing procedures for SR. Dependent on the activity 

concentrations of such scales, it would either be washed off during maintenance (if removable) and captured in the 

gas scrubber liquor system, neutralised, and routed to the solid waste residue, or stored for future disposal. Any 

removal of scales will be conducted in line with site specific procedures and subject to the Radiation Management 

Plan. 

Potential Gamma scale is expected to form in circuits of acid contact, with specific reference to sulphuric acid. Radium 

by itself is relatively mobile, but would form stable (insoluble) precipitate from solution when in contact with sulphate 

(SO4), thereby accumulating in sulphuric acid circuits as scales in vessels, pipes etc. Thorium precipitation can also 

occur around pH 3, depending on conditions such as high sulphate levels. Gamma scales observed in Narngulu 

Synthetic Rutile Plant acid circuit are dominated by Ra-228 and Th-228. To note: scale characterisation is dependent 

on the rare earth-bearing feed mineral phase; the amount of thorium and uranium present; and the ratio between 

thorium and uranium. Monazite feed is dominant in the thorium decay chain with Ra-228 from this decay being 

primarily a gamma emitter, thereby accumulating as predominantly a gamma scale. Feed material with a higher 

component of the uranium decay chain (relative to thorium) could accumulate Ra-226 in a larger proportion, 

potentially giving rise to an additional alpha scale. The actual formation of such scales within the ERER leach section 

can however only be confirmed once in operation.



 

 
 

 

 

4. CONCLUSION 
 
 
The Wimmera Brine is classified as EW. The ERER Solid Residue (bulk waste solid) is classified as VLLW (under 

combinations of Eneabba Monazite feed on its’ own; Wimmera feed on its’ own; and combined Wimmera and 

Eneabba feed). Alpha scale from NSR is classified as LLW (based on Pb-210 & Po-210 concentrations); and gamma 

scale from NSR as ILW (based on Th-228 concentration). The bulk waste facility design would incorporate double 

bottom liners (underlain by an impermeable clay layer) with leak detection and liquor abstraction for re-circulation. 

The cover will vary between 4 and 9m with an assumed average of 6m depth, and would constitute multiple layers, 

including a liner; drainage layer for watershed from the facility; subsoil fill material layers and growth medium or 

topsoil. It would therefore be suitable for LLW (engineered near surface disposal), even though the waste is classified 

as being VLLW. Radiation dose modelling concluded that post closure dose rates to non-human biota would be 

negligible and that any potential plume of groundwater contamination would not influence Eneabba town, even if the 

facility liner is leaking. 

The extent and characterisation of scales which could potentially form is not currently defined, but will be evaluated 

during operations prior to any maintenance activities, per existing procedures for SR. Dependent on the activity 

concentrations (and total activity) of such scales, it would either be removed during maintenance and routed to the 

solid waste residue, or stored for future disposal. Any removal of scales will be conducted in line with site specific 

procedures and subject to the Radiation Management Plan. 

Figure 10 is a phase diagram outlining the various waste categories (per Figure 7 as adopted from GSG-1), while 
comparing the EMP; ERER (EP3) wastes and potential scales as compared to the Uranium and Petroleum industry 
wastes. The activity concentration levels indicated for bulk waste material from ERER is therefore comparable to the 
lower end of uranium mine tails. 

 

 

Figure 11 Industry Waste Single Nuclide Maximum Activity Concentration 
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APPENDIX 1 – Near Surface Disposal for Radioactive Waste in Australia 

 

Near Surface Code 1992 & ARPANSA Technical Report Series No 141 – Scientific Basis for the Near Surface Disposal 

of Bulk Radioactive Waste 
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Executive Summary 
 

The purpose of this study is to evaluate the risk to human health, now and in the future, as a result of 
exposure to radioactive material within the ERER TSF containing residue from the ERER processing 
plant. The approach is to use the RESidual RADioactivity (RESRAD) model for assessment of the 
dose or risk associated with residual radioactive material to human receptors during operations; 
rehabilitation; and potential final land use scenarios.  This report should be considered in conjunction 
with the ERER ERICA assessment for flora and fauna. 

Background: The RESRAD code uses knowledge of the source term and transfer parameters to 
derive the radionuclide concentration used to calculate the dose contributions for a range of exposure 
pathways, including external exposure, ingestion of contaminated food and water, and inhalation of 
airborne radioactivity. 
 
The code has the capability to model the radiation exposure of an individual who spends time both 
directly above the primary residual contamination (onsite), and in the vicinity of the primary residual 
contamination (offsite). By selecting different pathways, RESRAD can be used to simulate various 
exposure scenarios. 
 
To represent a ‘conservative’ approach towards potential exposure of human receptors, the 
radionuclide concentrations as projected from Eneabba Monazite; Wimmera; and combined Wimmera 
and Eneabba were applied within the modelling without further dilution for the ERER TSF. Third party 
feed blends are all indicated as being an order of magnitude lower in activity concentrations than 
either Wimmera or Eneabba feed concentrates and would hence have a large "dilution" effect on 
radionuclide concentrations in feeds as well as wastes within the ERER TSF. Though not yet defined 
for third party blends, the wastes originating from such blends would therefore also have a large 
dilution of radionuclide concentrations, with subsequent reduction of risk to human receptors. 

Modelling Scenarios: Native vegetation is considered to be the likely final land use for the TSF 
facilities per area zonings. The current modelling approach, methods, and conclusions however align 
with standard practice as indicated in Australian guidance documents (ARPANSA) as well as from 
international organisations (IAEA, ICRP, UNSCEAR). Under these guidelines, additional modelling 
scenarios have been included (though not necessarily considered applicable or realistic in some 
instances). In the current evaluation, the RESRAD (onsite) code was used to model dose and risk to 
an individual assumed to be present on top of the ground surface at the ERER TSF during operations; 
during rehabilitation; and after closure, i.e. rehabilitated with capping material in place. Six scenarios 
were modelled for each waste material combination, based on different phases within the disposal 
facility lifetime, as well as final land use options and occupancies, including: 
 

• Scenario 1 – Operational phase (6 years operational life of any single waste facility) 

• Scenario 2 – Rehabilitation phase (waste consolidation + 12 months assumed for rehabilitation 
phase) 

• Scenario 3 – Post closure residential farmer (plausible, but unlikely). This scenario assumes that 
the liner will remain intact and groundwater contamination is excluded. 

• Scenario 4 – Post closure native vegetation (most likely final land use scenario). This scenario 
excludes groundwater contamination (liner intact). 

• Scenario 5 – Post Closure Intrusion (post institutional control). Included to fulfil guideline 
requirements. 

• Scenario 6 – Post Closure residential farmer 1 km down hydraulic gradient from facility with liner 
system constantly leaking (i.e. groundwater pathway included) – Onsite and Offsite. 

 
For Scenario 6, the RESRAD onsite code was used for all pathways of exposure unrelated to 
groundwater for a residential farmer living on top of the waste facility. However, RESRAD does not 
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include functions to simulate specific leakage through a liner. Scenario 6 was therefore run at a very 
highly conservative level assuming that a portion of the waste (0.1%) rests directly within the 
groundwater with no liner in place and no unsaturated zone. The resulting leakage into the 
groundwater and transport to potential future drinking water wells was then simulated in RESRAD 
Offsite. This was a highly simplified (but conservative) approach to simulate leakage through the liner 
system and evaluate ground water transport over distance and time. Though indicative, modelled 
dose rates for RESRAD offsite drinking water at 1 km are considered a gross over-estimate. More 
refined and detailed transfer models across the liner and unsaturated zones could be performed at a 
later stage, through the use of alternate modelling software and using geochemical test results 
currently in progress. 
 
Findings:  
Only one assessment scenario (Scenario 5, involving breaking through the cover material and into 
the waste material for construction of a farm dam) resulted in dose levels above the respective dose 
limits (1 mSv/y for member of public in this scenario). The maximum dose calculated for this based 
on the most active material (Wimmera) was 5.4 mSv/y, but only if waste material was brought to 
surface and used on the farm. Given barriers and layers placed during closure over the waste and the 
low potential of soils for farming, this is still considered unlikely. 
 
Operations and Rehabilitation: For the assumed worker scenarios, the modelling results estimate 
dose rates lower than the radiation worker limit. However, protective measures should be considered 
because of the precautionary principle and because the estimated dose rates approach the limit in 
some scenarios (are within an order of magnitude of the limit). For both the operational and 
rehabilitation phases, efforts should be focussed to protect workers from external gamma dose, e.g. 
limit exposure time to only performing essential tasks in the vicinity of the waste facility. Surface Mobile 
Equipment (SME) could be utilised during rehabilitation (would provide some shielding) if wastes are 
suitably consolidated and dried out. If SMEs cannot be used, other methods should be considered 
(e.g. roll out liner to reduce worker exposure). Workers will be monitored through Optically Stimulated 
Luminescence  (OSL); Thermally Stimulated Luminescence (TLD) badges and cumulative doses 
tracked. Shift rotations will also be implemented where appropriate to ensure that dose rates to 
workers are kept as low as reasonably achievable (ALARA), taking economic and social factors into 
account.  
 
It is further of critical importance to ensure that dust does not distribute into the surrounding 
environment during the rehabilitation phase, as the facility will be drained of water during this period. 
Even though the dust exposure pathway only modelled a small contribution to total dose of human 
receptors during rehabilitation, the potential impact on public perception could be significant. Further 
to this, dust distribution into the surrounding areas could impact on dose to local fauna and flora and 
potentially result in clean-up requirements with associated costs.  
 
Native Vegetation: Native vegetation is considered to be the likely final land use for the TSF facilities 
per area zonings. Other scenarios included per ARPANSA and international guidance documents. 
The modelling has determined that native vegetation would be a suitable low risk final land use for 
the waste facility post closure. The RESRAD modelling considered future bush tucker consumption 
(post closure with cover in place) and results indicated no substantial dose contribution via this 
pathway from the contained wastes. Bush tucker consumption was further explored within the ERICA 
model for the operational phase of the TSF, using animal specific radionuclide concentrations, and 
concentration ratios for plants. 
 
Inadvertent Human Intrusion: (Given controls, this is not considered to be a plausible scenario). If, as 
a result of any plausible human intrusion scenario (post institutional control), doses of greater than 10 
mSv per year are calculated, additional controls are likely to be required for the disposal facility to 
further limit the possibility of human intrusion or to limit its consequences. The modelled intrusion dose 
rates do not justify intrusion protection compared to 10 mSv per year. 
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Where it is calculated that human intrusion could result in annual doses of between 1 and 10 mSv for 
those living around the site, then reasonable efforts are warranted at the stage of development of the 
facility to reduce the probability of intrusion or to limit its consequences by means of optimisation of 
the facility’s design. (ARPANSA C3 - Code for Disposal Facilities of Radioactive Waste). Such 
optimisation is already incorporated within the cover design, i.e. cover depth assumed average of 6 
m, incorporating 3 m topsoil / growth medium; 0.6 m secondary fill; 0.3 to 0.5 m drainage / intrusion 
prevention layer (dependent on material selection); LLDPE liner; 2 geotextile layers and a geo-
composite layer. Below this cover, additional fill material would be added (varying thickness) to 
construct landform on top of the waste. 
 
During the institutional control period, ‘memorial on title’ under the contaminated sites act could be 
implemented as administrative control for intrusion prevention, or alternative land uses could be 
considered e.g. solar farming. 
 
Residential Farmer: For an onsite residential farmer (assumed 6 m cover), no significant dose rates 
would be received from water unrelated pathways of exposure even if living directly on top of the 
ERER TSF. During the institutional control period, ‘memorial on title’ under the contaminated sites act 
could be implemented as administrative control for preventing groundwater abstraction and usage at 
the onsite location. If an offsite farmer was abstracting groundwater from a well located 1 km down-
gradient of the waste, he / she would receive 0.2 mSv/y of dose from drinking only this water plus 
contribution from other sources, but only after ~20,000 years. This is still only 1/5th of the public 
exposure limit. Considering that the closest human receptors are based at Eneabba town, 
approximately 5.5 km away from the waste disposal site, and at a location across-gradient of ground 
water flow, it is not foreseen that any potential plume of groundwater contamination would influence 
Eneabba town, even if the liner is constantly leaking (highly unlikely given liner and depth of cover 
being insufficient for net permeation). During the institutional control period, a memorial on title could 
also be placed under the Contaminated Sites Act 2003, to prevent groundwater extraction as 
administrative control. 
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ALARP As Low As Reasonably Practicable 

ARPANSA  Australian Radiation Protection & Nuclear Safety Organisation 

ANSTO Australian Nuclear Science & Technology Organisation 

DCF Dose conversion factors 

DCRLs Derived Consideration Reference Level 

DMIRS Department of Mines Safety and Industry Regulation 

DWER  Department of Water and Environmental Regulation 

DWP Department of Parks and Wildlife 

EP1 Eneabba Monazite Project Phase 1 

EP2 Eneabba Monazite Project Phase 2 

EP3 Eneabba Monazite Project Phase 3 

ERER Eneabba Rare Earth Refining 

ERICA Environmental Risk from Ionising Contaminants Assessment 

HM  Heavy Mineral 

HMC Heavy Mineral Concentrate 

IAEA International Atomic Energy Agency 

ICRP International Commission on Radiation Protection 

mSv millisieverts per year (1Sv/1000) 

NORM Naturally Occurring Radioactive Material 

µSv Microsievert (1Sv/1000000) 

µGy MicroGray 

RAP Reference Animals and Plants 

RCWA Radiological Council of Western Australia 

RESRAD  Residual Radiation – Modelling program 

SENR South Eneabba Nature Reserve  

VCL Vacant Crown Land 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



  

 

1. PURPOSE 

The purpose of this study is to evaluate the risk to human health, now and in the future, as a result of 
exposure to radioactive material within the bulk waste facility containing residue from ERER 
Operations. The approach is to use the RESidual RADioactivity (RESRAD) model for assessment of 
the dose or risk associated with residual radioactive material to human receptors during operations; 
rehabilitation; and potential final land use scenarios. 

2. RADIOLOGICAL DOSE ASSESSMENTS 

2.1. Radiological dose modelling 

Within the field of radioactive waste disposal, focus is placed on the possible long-term effects on 
human health and the environment. Safety and dose assessments for long time periods are essential 
for the management of long-lived Naturally Occurring Radioactive Material (NORM) contaminants 
since institutional controls may not last much longer than a few decades after site closure. 
 
The primary objective of a performance assessment is to provide evidence that human health and the 
environment are adequately protected in the future. This can only be done by carrying out simulations 
(modelling) and using the predicted results to assess whether the adopted disposal concepts meet 
the radiological standards for long-term protection of the public and the environment, as established 
by regulatory bodies. 
 
Modelling the transport of these contaminates should therefore involve parent nuclides as well as 
progeny nuclides of the respective decay chains, since all have different physical and chemical 
properties. Progeny nuclides may move faster or slower than the parent nuclide in different layers of 
the disposal system and groundwater, while also having radiological toxicities that differ from those 
of the parent. 
 
A pathway analysis with different scenarios provides a systematic way of evaluating potential routes 
by which the human population could be exposed to radiation.  
 
2.2. RESRAD modelling 

RESRAD is a family of software tools used to model and estimate radiation dose and risks from 
RESidual RADioactive materials. The RESRAD computer code has been developed by the 
Environmental Science Division of Argonne National Laboratory under the joint sponsorship of the US 
Department of Energy and the US Nuclear Regulatory Commission. RESRAD is used extensively in 
the US nuclear industry and worldwide to evaluate radiologically contaminated sites.  
 
The RESRAD code is an internationally accepted method of assessing potential radiation exposure 
and risk because of its adaptability to specific exposure scenarios. RESRAD has been benchmarked 
against other codes in the environmental assessment and site clean-up arena, and its models have 
been assessed for validity by the International Atomic Energy Agency (IAEA, 2004; Cheng & Yu, 
1993).  
  
The RESRAD model estimates direct exposure to external radiation from contaminated soil and 
internal dose from the inhalation of airborne radionuclides originating from contaminated soil including 
radon emissions. The model can also be used to calculate internal doses from the ingestion of 
contaminated vegetables and leafy greens; meat; fish; milk; drinking water; and soil. The RESRAD 
code has become popular because of its adaptability to specific exposure situations. 
 
2.3. RESRAD (Onsite) 

The RESRAD (onsite) computer code evaluates the radiological dose and excess cancer risk to an 
individual present (exposed while residing on; visiting; farming; working etc.) within an area where the 



  

 

soil is contaminated with radionuclides (Yu et al. 2001). Figure 1 illustrates potential exposure 
pathways as modelled within RESRAD (onsite).  

 
Figure 1: RESRAD onsite exposure pathways (RESRAD user manual) 

 
The RESRAD assessment provides a basic breakdown of potential annual radiation doses which 
could occur at a location over time. The inputs provided to the model need to be site-specific where 
possible, in order to provide accurate and appropriate output data on which decisions can be based.  
 
The RESRAD Onsite model (version 7.2) has been used within the current assessment on all 
scenarios evaluated. Modelling has been conducted on ‘Eneabba Monazite’ feed into EP3 Plant; 
‘Wimmera Monazite / Xenotime’ feed; as well as the blend between ‘Wimmera and Eneabba’ feed. 
The Wimmera feed on its own would represent a worst case waste radionuclide activity concentration. 
The RESRAD models provided as part of the current assessment assume that no reclamation of EP3 
Bulk Waste will occur from the disposal facility for at least the next 1,000 years. 
 
2.4. RESRAD (Offsite) 

The RESRAD Offsite computer code evaluates site-specific radiological dose and risk assessment 
for both onsite and offsite individuals. Figure 2 illustrates potential exposure pathways as modelled 
within RESRAD (offsite).  
 



  

 

 
Figure 2: Graphic representation of RESRAD offsite model and exposure pathways (RESRAD user manual) 

 
The RESRAD Offsite model (version 3.2) has been used within the current evaluation for the 
groundwater pathway to the offsite location of the future residential farmer scenario. The approach 
conservatively used a direct release into the groundwater from leakage through the liner, ignoring the 
presence of the unsaturated zone which will exist beneath the facility (Jacobs, 2021 [9]). This was a 
highly simplified and conservative approach to simulate a small leak within the liner system and 
evaluate ground water transport over distance and time. More detail is provided in Section 5 of this 
report. 
 
2.5. RESRAD Occupancy 

 
A key component of dose estimation is understanding how an area will be used by people post-closure 
of the site; how long they will spend in the area or at the site; and what activities they will do at the 
specific location. This is generally referred to as occupancy and can be calculated as a percentage 
(%) of time (i.e. over a year). Occupancy is input into the RESRAD models, or as an estimated number 
of hours as used in traditional dose calculations or estimates.  
 
For various anticipated final land use scenarios, different occupancy would be applicable. The 
Eneabba South Mine area was originally included within the South Eneabba Nature Reserve (SENR), 
and the ERER TSF (former Yellow Dam) falls partially within Vacant Crown Land (VCL). For the 
portion of the Yellow Dam within VCL, post-closure is planned to remain as a conservation area with 
native vegetation being re-established. Actual occupancy has been assessed for bushland areas 
around Eneabba, with interviews conducted and information on work practices and timing of tasks 
related to the SENR gathered from the land managers. Local land managers may spend time within 
the nature reserve fighting bush fires; assessing vegetation quality; or checking gas pipelines or other 
services within the area. Based on a conservative estimate of occupancy time to complete tasks at 
the SENR, an 8% occupancy (701 hours/year) has been calculated as being realistic. This occupancy 
level is based on feedback and time estimates provided to Iluka by local area workers and managers 
from the Department of Parks and Wildlife. For the remainder of the Yellow Dam area, zoning 
classifies agricultural use with the potential to establish dwellings. 95% Occupancy (8322 hours per 
year) is assigned to farmland with residence (ENhealth guidelines and DMIRS NORM V (2021)). This 
considered highly conservative given the nature of the sandy soils (poor nutrient and moisture 
retention) in the area of the Yellow Dam which have limited cropping or pasture potential. 
 
For the operational phase of the waste facility, it was conservatively assumed that a worker would 

spend 5% of his / her time on top of the waste disposal facility, i.e. 5% of 2000 h/y (monitoring / sample 

collection etc.). As the solid waste material is planned to be covered with water for the duration of the 



  

 

operational phase (6 years), it is not anticipated that workers will actually spend time on top of the 

facility, but rather adjacent to it.  

 

It was further conservatively assumed that a worker would spend 200 h/y (10% of 2000 h/y)) on top 

of the waste disposal facility while performing rehabilitation activities, once wastes have consolidated 

and dried out. 

 
3. BACKGROUND 

 
3.1. Eneabba Rare Earth Refinery Project – Mid West Operations 

 
Monazite content in this material varies from between 20% and 40%. Monazite 
(Ce,La,Pr,Nd,Th,Y)PO4 is a heavy mineral commonly associated with traditional mineral assemblage 
sources from the Eneabba Mineral Sands Province located in the Mid-West of Western Australia. 
Monazite naturally occurs mainly as four different mineral varieties depending on the relative 
elemental composition. The monazite sources from Eneabba is generally dominated by Cerium (Ce) 
and contains lower (in decreasing order) proportions of Lanthanum (La), Praseodymium (Pr), 
Neodynium (Nd), Thorium (Th) and minor amounts of Yttrium (Y).  
 
This monazite material is currently stored within the mined out pit (Monazite Pit) at Eneabba. The 
temporary storage of monazite concentrate was approved by the State Mining Engineer subject to 
conditions of approval (DME Ref: GH:RB, 20 May 1994). The Eneabba Monazite Pit (EMP) has been 
receiving monazite rich residues from mineral separation plant (MSP) operations at Eneabba and 
Narngulu for approximately the past 30 years. Placement of the monazite concentrate was for long-
term storage until such a time as favourable market conditions would allow Iluka to re-mine this 
material and sell it either as a concentrate; up-graded monazite product; or refined products from a 
rare earth extraction unit. Iluka is now re-claiming the mineral in a three-phase approach. 
 
Phase 1 (EP1) involves re-mining and clean-up of material from the EMP; screening to remove 
oversize; and desliming to remove fines / clay capping. The oversize is returned to the void; the clays 
to a dedicated tailings storage facility (TSF); and the washed product is approximately 20% rare earth 
phosphate minerals (mixed with zircon; ilmenite; and other accessory minerals) produced for sale.  
 
Phase 2 (EP2) will treat material from Phase 1 and upgrade through physical separation to produce 
an 80-90% rare earth mineral concentrate (~20 ktpa), with further recovery of remaining heavy 
minerals into a heavy mineral concentrate (HMC) discarding the lighter, low value mineral sands. The 
rare earth mineral concentrate will be sold, and the remaining HMC will be trucked to Narngulu MSP 
for recovery of zircon and ilmenite products.  
 
Phase 3 – Eneabba Rare Earth Refinery (ERER) is still in the development phase, aims to upgrade 
the rare earth mineral concentrate stream (Phase 2 product) into individual rare earth oxides through 
its proposed refinery. ERER processing will comprise concentrate milling; sulphation; leaching; 
residue washing; impurity removal; separation through solvent extraction, drying / calcining then 
bagging. 
 
The ERER plant (location Figure 2) will receive the rare earth mineral concentrate stream from EP2; 
material from third party feed sources; and in the future, rare earth mineral concentrate from Iluka’s 
Wimmera project in Victoria, amongst other sources.  
 
Multiple potential TSF facilities are anticipated for the storage of solid residue from the ERER (Figure 
3). A brine evaporation pond will also be required, but will be located within the boundary of the 
refinery.  



  

 

 
 

Figure 3: Potential TSF locations 

 
 

3.2. ERER Waste Classification 

 
A review was conducted of available waste characteristics for ERER, based on Eneabba Monazite 
feed (per ‘ANSTO C1731 2021-04-30 Eneabba Waste Treatment Draft Report’); and from work 
conducted on Wimmera material: ‘ANSTO C1663 2019-12-20 Wimmera Waste Treatment Process 
Development Report’. Classification of such wastes were conducted in line with ARPANSA RPS G-
4: Guide for Classification of Radioactive Waste; and ARPANSA RPS 6: National Directory for 
Radiation Protection, as based on IAEA General Safety Guide GSG-1: Classification of Radioactive 



  

 

Waste; and General Safety Requirements GSR Part 3: Radiation Protection and Safety of Radiation 
Sources: International Basic Safety Standards. The Solid Residue (bulk waste solid) is classified as 
very low level waste (VLLW) under conditions of Eneabba Monazite feed on its own; Wimmera 
Monazite / Xenotime feed on its own; as well as the blend between Wimmera and Eneabba feed. 
Third party feed materials are of lower uranium and thorium activity concentrations than that of 
Eneabba or Wimmera concentrates, and resulting wastes from blends with third party feed materials 
would therefore be less concentrated in uranium and thorium, thereby resulting in lower activity and 
dose rates. The Wimmera feed on its own would represent a worst case waste radionuclide activity 
concentration. VLLW is suitable for disposal in near surface, industrial or commercial, landfill type 
facilities, requiring a moderate level of containment and isolation.  
 
Waste streams anticipated from the ERER operations are:  
 

• Bulk washed leach residue (bulk of the radionuclides should report to this stream).  

• Brine Waste. Material resulting from salts generated in the process by acid neutralisation and 
ion exchange purification. The main phase of the brine would be ammonium sulphate, with 
potential future use in fertilizer products (in which case it would no longer be considered a waste 
stream).  It has to be noted that the brine stream will be recirculated back to process and the 
evaporation pond would only be used to bleed excess salts from the liquid stream, if required.  

• Off-gasses released into the atmosphere. Modern exhaust emissions criteria will be met 
through selection of scrubber units to ensure no exceedances are incurred.  

• Potential scales formed through thermal and leaching processes. 

• Potential build-up of radionuclides within recirculating streams could bleed to precipitates or 
accumulate on filters over time (where / when solute saturation levels are exceeded). This could 
give rise to additional solid waste streams like contaminated filters. 

 
Build-up of radionuclides per last bullet point above, is expected to report to the bulk washed leach 
residue, if not contained on filters and the like. Potential scales would be collected and stored 
separately (if so required, based on classification) from bulk wastes and will have its own waste 
disposal and / or storage management strategy. Alternatively (depending on activity levels), scales 
could be mixed/sent to the bulk residue. The formation of scales is flagged as a potential, and will 
only be confirmed and quantified once ERER is operational. 
 
For the purpose of the current RESRAD assessment, only the bulk washed leach residue stream 
(ERER Bulk waste) is therefore considered.  The brine would mainly be an ammonium sulphate 
(potential future use in fertilizers) and was classified as exempt from regulatory control under the 
radioactive waste classification scheme. If all stack releases are within regulatory limits (as per 
scrubber selection), then it is not anticipated to cause detriment to human receptors.  
 

4. RADIONUCLIDE CONCENTRATIONS WITHIN THE WASTE DISPOSAL FACILITY  

To represent a ‘conservative’ scenario towards potential exposure of human receptors, the 
radionuclide concentrations as projected from Eneabba Monazite feed; Wimmera feed; and combined 
Wimmera and Eneabba Monazite feed were applied without further dilution for the ERER bulk waste 
facility and used in the RESRAD models (Table 1). As indicated above, third party feed blends are 
expected to have lower activity levels and contribute a direct dilution of radionuclide feed into ERER 
and wastes produced from ERER. 

  



  

 

Table 1 – Media activity concentrations used for RESRAD modelling  
 

Radionuclide 

ANSTO Test-work 
Eneabba Monazite  

ANSTO Test-work Wimmera 
concentrate, Reconstructed for 

changes in flowsheet Eneabba & 
Wimmera Residue 

Neutralised Waste 1Reconstructed Wimmera Retained 
Solids (Ian Gough) Dec 2020 Solid 

Unit Bq/g Bq/g Bq/g 

U-238 2.4 5.5 4.1 

Th-230 4.92 19.86 12.9 

Ra-226 3.4 10.4 7.2 

Pb-210 4.52 13.94 9.6 

Po-210 4.6 7.54 6.2 

U-235 0.11 0.26 0.2 

Pa-231 0.81 1.06 0.9 

Ac-227 0.29 0.10 0.2 

Th-227 0.29  0.33 

Th-232 37 78.4 59.2 

Ra-228 33 70.51 53.1 

Th-228 37 82.34 61.4 

K-40 0.3  0.3# 

Total 407 915.19  

Density (t/m3) 0.99 t/m3 

Area of Contaminated Zone (m2) 110000 m2 

Depth of Contaminated Zone (m) 20 m 

Depth of Cover (m) 3 to 9 m (Wood design), averaged at 6 m 

Note: Grey cells < MDL (Method Detection Limit) 
1 ANSTO test-work was completed for Wimmera material, but the flowsheet incorporated zircon refining waste combined with rare earth refining 
waste. Due to flowsheet changes for ERER, Project Process Engineer (Ian Gough) ‘reconstructed’ Wimmera wastes if Wimmera concentrate 
would be treated through ERER 
2 Pb-210 calculated from ratio of elemental lead to Pb-210 in the feed and Pb in the residue. Th-230 calculated from ratio of Th-
232 to Th-230 in the feed and Th-230 in the residue.  
3Value adopted from Eneabba Monazite Residue as no value for Wimmera available 

 
  



  

 

5. RESRAD ASSESSMENT 
 

5.1 Scenario development 
 
Figure 4 illustrates the EP3 waste facility considerations as per current Wood waste facility design: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 – Conceptual cover and base liner design for EP3 TSF (not to scale) 
 
In the current evaluation, the RESRAD (onsite) code was used to model dose and risk to an individual 
present on top of the ERER TSF during operations; during rehabilitation; and after closure, i.e. 
rehabilitated with capping material in place. It has to be noted that it is planned to maintain the solid 
waste materials to be moist or under water during the operational phase to prevent dust generation. 
Modelling a human receptor on top of the disposal facility during the operational phase is thereby 
highly conservative. For most input parameters, site specific data was obtained, but where no site 
data is available, RESRAD default values have been adopted. Six scenarios were modelled for each 
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waste material / combination, based on different phases within the disposal facility lifetime, as well as 
final land use options and occupancies, including: 
 

• Scenario 1 – Operational phase (6 years operational life of facility assumed) 

• Scenario 2 – Rehabilitation phase (drying period +12 months assumed for rehabilitation 
phase) 

• Scenario 3 – Post closure Residential Farmer. This scenario assumes that the liner will remain 
intact and groundwater contamination is excluded. 

• Scenario 4 – Post closure Native Vegetation (most likely final land use scenario). This scenario 
excludes groundwater contamination (liner intact). 

• Scenario 5 – Post Closure Intrusion (post institutional control). 

• Scenario 6 – Post Closure Residential farmer 1 km down hydraulic gradient from facility with 
liner system constantly leaking (i.e. groundwater pathway included) – Onsite and Offsite. 

 
For Scenario 6, the RESRAD onsite code was used for all pathways of exposure unrelated to 

groundwater for a residential farmer living on top of the waste facility. However, RESRAD does not 

include functions the simulate specific leakage through a liner. Scenario 6 was therefore run with a 

combination of RESRAD Onsite where it was conservatively assumed that a portion of the waste rests 

directly to the groundwater with no liner in place and no unsaturated zone. The resulting leakage into 

the groundwater and transport to potential future drinking water wells was simulated in RESRAD 

Offsite. This was a highly simplified (but conservative) approach to simulate leakage through the liner 

system and evaluate ground water transport over distance and time. If required, more detailed 

modelling can be conducted in future that includes simulation of adsorption in the unsaturated zone.  

 
5.2 Pathway Selection and Occupancy 
 
Figure 5 summarises all potential environmental and exposure pathways considered in RESRAD and 
Table 2 is a summary of pathways selected for the different scenarios modelled during the current 

investigation. Considering that the ERER TSF will be double lined with leak detection and drainage 
collection for recycling, water related pathways (i.e. drinking water; aquatic foods; partial for plant-, 
meat- and milk ingestion) should in reality have a negligible contribution to dose, if liners are not 
compromised.  

 



  

 

 
Figure 5: Environmental and exposure pathways for RESRAD  

With reference to Section 2.4, Table 2 also includes adopted occupancies for each of the scenarios 
modelled. 
 
Table 2: Pathways and occupancies selected for RESRAD modelling of ERER TSF 
 

Pathway 

Scenario 1  Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Operations  Rehabilitation 
Residential 

Farmer 
Native Veg 

Intrusion for 
constructing farm dam1 

Residential 
Offsite 

External Gamma ✓ ✓ ✓ ✓ ✓ ✓ 

Dust Inhalation ✓ ✓ ✓ ✓ ✓ ✓ 

Plant Ingestion     ✓ ✓   ✓ 

Meat Ingestion  
✓ 

✓ 

  ✓ Bush tucker2: plants, 
meat, honey  

Milk Ingestion     ✓ ✓   ✓ 

Aquatic Foods Not considered relevant for Eneabba 

Drinking Water           ✓ 

Soil Ingestion ✓ ✓ ✓ ✓ ✓ ✓ 

Radon Inhalation ✓ ✓ ✓ ✓ ✓ ✓ 

Occupancy (fraction 
of time) 

0.01 (5% of 
2000h/y)  
6 Years 

operational 

0.023 (10% of 
2000 h/y) 

12 months 
rehabilitation 

0.95 (50% 
indoors; 45% 

outdoors) 

0.08 (8% 
occupancy) 

0.1 (876 h/y) 
0.95 (50% 

indoors; 45% 
outdoors) 

1 As per Scenario below: 5000 m3 excavated for dam building of which 900 m3 is waste; blend then spread at depth of 0.5 m over 1 ha with 
an occupancy of 10% 
2 Bush tucker meat collected: No available concentration ratios from Bee to Honey – assumed from cow to milk 



  

 

It is reasonable to assume that in future, where records/knowledge of the waste site has been lost, 

that potential inadvertent intrusion would be smaller-scale projects (individuals, small groups without 

radiation knowledge and detection equipment) rather than large-scale civilian works projects (which 

would have safety systems in place). A 6 m cap will discourage most types of potential inadvertent 

intrusion. However, a possible intrusion scenario should be considered (consistent with guidance). 

For inadvertent human intrusion post institutional control, a few scenarios have therefore been 

considered: 

 

• Construction of a building: it is considered that excavation for building foundation construction 

would realistically excavate to a depth of 2 m below surface. However, for the conceptual cover 

design (Wood), the cover will have a minimum thickness of 4.1 m: 3 m topsoil / growth medium; 

0.6 m secondary fill; 0.3 to 0.5 m drainage / intrusion prevention layer (dependent on material 

selection); LLDPE liner; 2 geotextile layers and a geo-composite layer. Below this cover, 

additional fill material would be added (varying thickness) to construct landform on top of the 

waste. A 2 m excavation for building foundations would therefore not penetrate the waste and 

would still be within the topsoil layer. This scenario was therefore not further pursued in the 

current assessment.  

• Excavation for a roadway: it is considered that excavation for a roadway would also realistically 

excavate to a depth of 2 m below surface. This would again not penetrate or excavate any 

waste material and this scenario was not further pursued. 

• Agricultural setting with excavation for a farm dam: It is considered highly unlikely that a farmer 

would use large earth-moving equipment, but would rather make use of small excavators; bob-

cats etc. for building a farm dam. These equipment types would not be fully suitable to 

excavate to depths where the waste materials will be encountered, i.e. beyond 4.1 m as a 

minimum. If this were to occur, the multiple layers within the cover (drainage layers; liners; 

geotextiles and the like) would make it very difficult for such equipment to penetrate. However, 

this scenario was included within the current assessment as to quantify the risk to humans if 

some waste materials were encountered and excavated. 

 

For the farm dam building scenario, it was therefore assumed that 5,000 m3 of material would be 

excavated (1,000 m2 at a depth of 5 m, relating to a cylinder of dimensions 36 m in diameter and 5 m 

in depth). If the dam is specifically constructed on an area on top of the waste facility where minimum 

cover would be present (4.1 m with no landfill shaping fill material below the cover), theoretically 900 

m3 of waste would be excavated. It is highly unlikely that this waste material would be separated from 

the remainder of the excavated material for separate use, but would rather be blended into the entire 

5000 m3 of excavated material, thereby reducing the radionuclide activity concentration of the blend 

by a factor of 5.6 (as compared to un-blended waste). 

 

It is unlikely that the excavated material will be left by the farmer as a heap of the same dimension, 

but would probably be spread out over a larger area to construct some kind of feature (e.g. used to 

construct walls around the dam / lay-down area for farm equipment / base for constructing a shed 

etc.). Assuming no further mixing with topsoils is incurred (i.e. no further dilution), and the material is 

spread at a thickness of 0.5 m, then the area over which it will be spread would be 10,000 m2 (1 ha). 

This scenario was therefore modelled, assuming an occupancy of 10%, i.e. farmer would be present 

at this outside location for 876 h per year. 

 

 

 

 

 



  

 

5.3 RESRAD Input Data 

For most input parameters, site specific data was obtained, but where no site data is available, 
RESRAD default values have been adopted. Appendix 2 gives a summary of input parameters used, 
and the overarching considerations are given below:  

 

• a basic radiation dose limit of 0.3 mSv/y was adopted in line with international best practice 
and the Radiological Council of WA Industry Guide ‘Reporting of Radiologically 
Contaminated Site NORM (2009)’. The RESRAD default is 0.25 mSv/y; 

• cover depth for the ERER TSF would vary from a minimum of 3 m to a maximum of 9 m, 
with a 6 m average. A density of 1.75 g/cm3 is assumed for the cover as well as the 
unsaturated and saturated zones below the waste facility; 

• density of the contaminated zone at 0.99 g/cm3 for gypsum matrix based on North Capel 
tailings material; 

• cover erosion rate: 0.00012 m/y for 1:10 slope – topsoil Eneabba (Prof Mark Dobrowolski). 
Facility slope: 1:3. Cover erosion rate: 0.00012 x 3 = 0.00036 m/y; 

• contaminated zone erosion rate of 0.001 m/y - Gypsum is semi-soluble so its erosion rate 
may need to include its dissolution rate.  

• average wind-speed of 8 m/s; and 

• average rainfall for Eneabba site is 490mm / year 



  

 

6. RESULTS 

Table 3 summarises the RESRAD results per scenario respectively. 

Table 3: RESRAD results  

Annual Dose Limit for Members of the Public: 1 mSv/y 

Annual Dose Limit for Workers (Occupational Limit): 20 mSv/y averaged over 5 consecutive years with 50 mSv/y limit for any single year 

Pathway 

Scenario 1  Scenario 2 Scenario 3 Scenario 4 Scenario 5 
Scenario 6  

Offsite Farmer1 with leak in 
liners 

Operations  Rehabilitation 
Residential Farmer  
(no Groundwater) 

Native Veg Intrusion 
1000 m 
Offsite 

1000 m 
Offsite 

1000 m 
Offsite 

E W E&W E W E&W E  W E&W E  W E&W E W E&W E W E&W 

Max Dose mSv/y 1.46 3.28 2.44 3.33 7.46 5.55 0.15 0.50 0.34 5.6E-07 2.0E-06 1.3E-06 2.5 5.45 4.08 0.17 0.20 0.17 

Year of Max Dose 0 0 0 0 0 0 1000 1000 1000 1000 1000 1000 36 35 35 18000 21000 21000 

Gamma at Year 02 1.42 3.18 2.37 3.24 7.25 5.40 1.4E-26 3.0E-26 2.2E-26 1.4E-27 3.0E-27 2.2E-27 2.36 5.28 3.93 0 0 0 

Dust at Year 02 0.005 0.01 0.01 0.008 0.02 0.01 0 0 0 0 0 0 0.01 0.01 0.01 0 0 0 

Radon at Year 02 0.005 0.01 0.01 0.011 0.03 0.02 0.09 0.27 0.19 3.4E-07 1.0E-06 7.2E-07 0.001 0.002 0.001 0 0 0 

Soil at Year 02 0.035 0.08 0.06 0.074 0.17 0.12 0 0 0 0 0 0 0.06 0.13 0.10 0 0 0 

Drinking Water Year 02 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.14 0.14 0.13 

Plant Year 02 N/A N/A N/A N/A N/A N/A 0 0 0 0 0 0 N/A N/A N/A 8.2E-06 7.4E-06 6.4E-06 

Meat Year 02 N/A N/A N/A N/A N/A N/A 0 0 0 0 0 0 N/A N/A N/A 9.8E-08 1.1E-07 9.9E-08 

Milk Year 02 N/A N/A N/A N/A N/A N/A 0 0 0 0 0 0 N/A N/A N/A 4.1E-08 6.8E-08 5.7E-08 

Radon Year 02 (water) N/A N/A N/A N/A N/A N/A 0 0 0 0 0 0 N/A N/A N/A 0 5.8E-05 4.5E-05 

Total at Year 02 
Per max 

dose 

Per 
max 
dose 

Per 
max 
dose 

Per max 
dose 

Per 
max 
dose 

Per 
max 
dose 

0.09 0.27 0.19 3.4E-07 1.0E-06 7.2E-07 2.42 5.43 4.04 0.14 0.14 0.13 

Gamma Year Max Dose 

  
  

Max Dose at Year 0  

  
  
  

6.2E-25 1.3E-24 1.0E-24 6.2E-26 1.3E-25 1.0E-25 2.44 5.30 3.97 0 0 0 

Radon Year Max Dose 0.15 0.50 0.34 5.6E-07 2.0E-06 1.3E-06 0.001 0.002 0.001 0 0 0 

Dust Year Max Dose 0 0 0 0 0 0 0.01 0.01 0.01 0 0 0 

Soil Year Max Dose 0 0 0 0 0 0 0.06 0.14 0.10 0 0 0 

Drinking Water Year Max 
Dose 

N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.17 0.195 0.17 



  

 

Annual Dose Limit for Members of the Public: 1 mSv/y 

Annual Dose Limit for Workers (Occupational Limit): 20 mSv/y averaged over 5 consecutive years with 50 mSv/y limit for any single year 

Pathway 

Scenario 1  Scenario 2 Scenario 3 Scenario 4 Scenario 5 
Scenario 6  

Offsite Farmer1 with leak in 
liners 

Operations  Rehabilitation 
Residential Farmer  
(no Groundwater) 

Native Veg Intrusion 
1000 m 
Offsite 

1000 m 
Offsite 

1000 m 
Offsite 

E W E&W E W E&W E  W E&W E  W E&W E W E&W E W E&W 

Plant Year Max Dose   
  

  

  
  
  

0 0 0 0 0 0 N/A N/A N/A 1.0E-05 1.1E-05 8.9E-06 

Meat Year Max Dose 0 0 0 0 0 0 N/A N/A N/A 1.1E-07 1.7E-07 1.4E-07 

Milk Year Max Dose 0 0 0 0 0 0 N/A N/A N/A 5.7E-08 1.0E-07 8.3E-08 

Radon (water) Year Max 
Dose 

N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 8.7E-05 6.7E-05 

 
E – Eneabba Monazite Feed;  W – Wimmera Feed;  E&W – Eneabba & Wimmera Feed 
1Leakage through liner over 1 m2 vertical column 
2 “year 0” refers to the beginning of the assumed exposure period for each scenario (not the start of the project, or some other year) 

 



  

 

6.1 Scenario 1 - Operational Phase 
Assumptions 
It was conservatively assumed that a worker would spend 5% of his / her time on top of the waste 
disposal facility, i.e. 5% of 2,000 h/y, while in operation (monitoring / sample collection). As the solid 
waste material is planned to be covered with water for the duration of the operational phase (6 years), 
it is not anticipated that workers will actually spend time on top of the facility, but rather adjacent to it.  
 
Modelling: 
Total dose rates modelled for the operational phase vary from 1.5 mSv/y (Eneabba) to 3.3 mSv/y 
(Wimmera), with gamma almost exclusively contributing to the total dose for workers. Material 
anticipated to encompass third party feeds (lower activity) would, however, dilute Wimmera and 
Eneabba wastes and dose rates are expected to be reduced through blending with these alternate 
sources. 
 
The dust inhalation pathway was included within the modelling as to evaluate its’ contribution to total 
dose, in case waste material would become exposed above water level and be allowed to form dust. 
The modelling however indicates that dust inhalation dose only contributes a small portion (0.005 - 
0.01 mSv/y) of total dose. 
 
These modelled dose rates fall below the Occupational Effective Dose Limit of 20 mSv/y (averaged 
over a five year period) as per ARPANSA C-1: Code for radiation protection in planned exposure 
situations (Schedule A - Dose Limits for Occupationally Exposed Persons). 
 
 
Management: For the operational phase, efforts should be focussed to protect workers from external 
gamma dose, e.g. limit exposure time to only performing essential tasks in the vicinity of the waste 
facility; monitor workers for gamma dose rate through Optically Stimulated Luminescence  (OSL)  
badges; implement shift rotations if so required etc. 
 
6.2 Scenario 2 - Rehabilitation Phase 
Assumptions: It was conservatively assumed that a worker would spend 10% of 2,000 h/y on top of 
the waste disposal facility while performing rehabilitation activities, once wastes are suitably 
consolidated and dried out.  
 
Modelling: The modelling indicates that external gamma would be the largest contributory pathway 
to total dose for workers. The dust inhalation pathway was included within the modelling as to evaluate 
its’ contribution to total dose, in case dust suppression measures do not fully eliminate this pathway 
of exposure. The modelling indicates that dust inhalation dose only contributes a small portion of total 
dose to rehabilitation workers. It is however of critical importance to ensure that dust does not 
distribute into the surrounding environment during the rehabilitation phase, as the facility will be 
drained of water during this period. Total dose rates modelled for the rehabilitation phase vary 
between 3.3 to 7.5 mSv/y (Eneabba and Wimmera respectively).  
 
Management: For the rehabilitation phase, efforts should be focussed to protect workers from 
external gamma dose. Surface Mobile Equipment (SME) could be utilised (would provide some 
shielding) if wastes are suitably consolidated and dried out, but shift rotations will be implemented 
and worker dose rates measured to ensure that effective dose rates are minimised. If SMEs cannot 
be used, other methods should be considered (e.g. roll out liner to reduce worker exposure). Workers 
will be monitored through OSL; Thermally Stimulated Luminescence (TLD) badges and cumulative 
doses tracked. 
 
6.3 Scenario 3 - Post Closure: Residential Farmer without Groundwater Contamination 
Assumptions: (Residential Farmer, no water related pathways of exposure): The Wood conceptual 
closure design shows a variance in capping thickness with a minimum of 4.1 m and up to 
approximately 9 m above the waste (contaminated) zone. An average of 6 m cover was assumed. A 



  

 

conservative occupancy of 95% (50% indoors and 45%) was assumed. 
 
Modelling: The modelling indicates that a maximum dose rate of 0.5 mSv/y would be received at 
1000 years since material placement, if the entire waste volume is constituted of Wimmera waste 
(highest radionuclide concentrations in waste). Under the assumption that the bottom liner would not 
fail (no groundwater contamination), the modelled dose would therefore be less than the annual public 
dose limit of 1 mSv/y and mostly due to radon, assuming a residence directly over the wastes. 
 
Using default input settings for the radon pathway, the total dose rate is modelled almost exclusively 
from radon gas inhalation. It has to be noted that as the RESRAD model was developed in the US, 
the radon dose pathway would be an over estimate for Australia in a residential scenario. Due to 
climatic conditions in America, houses are built to insulate against temperature fluctuations, thereby 
allowing radon build-up within dwellings. Further to this, a large proportion of houses in America have 
basements built into the underlying rock formation, thus further enhancing the build-up and 
containment of radon gas. Within the Australian landscape, houses are open and airy with good 
ventilation.  
 
6.4 Scenario 4 - Post-Closure: Native Vegetation (Expected Final Land Use) 
Assumptions: (Native Vegetation, consumption of bush tucker included): As per section 2.4 of this 
report, an 8% occupancy was assumed for this scenario as local land managers may spend time 
within the nature reserve fighting bush fires; assessing vegetation quality; or checking gas pipelines 
or other services within the area. The consumption of bush tucker (post closure with 6m cover in 
place) was also included within this scenario. Bush food collection quantities have been aligned with 
those considered in the Atacama Project Environmental Radiation Impact Assessment Report, 
January 2020: 0.2 kg/y leafy vegetables; 0.8 kg/y non-leafy vegetables; 0.7 kg/y kangaroo meat; and 
0.075 kg/y goanna meat. It was further assumed that the local population may also collect honey from 
the Eneabba area. The RESRAD model does not have a specific pathway of honey consumption, but 
it was assumed that concentration ratios would be similar to milk as a first approach and 0.2 l/y of 
honey consumption was included within the modelling. 
 
Modelling: For the native vegetation scenario, the total dose rate (0.0002 % of annual public 
exposure limit of 1 mSv/yr) is almost exclusively constituted from radon gas, however the overall dose 
values are insignificantly low. No dose contribution from bush tucker consumption was predicted. 
Bush tucker consumption dose for the operational phase of the TSF was calculated within the ERICA 
model using plant and animal specific radionuclide concentrations. 
 
6.5 Scenario 5 - Post-Institutional Control Phase: Human Intrusion (Farm Dam Construction 
with exposure to excavated waste) 
Assumptions: For this scenario, it was assumed that a total of 5000 m3 (cover and waste) of material 
would be excavated (1000 m2 at a depth of 5 m), at an area on top of the waste facility where minimum 
cover would be present, thereby excavating 900 m3 of waste as well. It was also assumed that a 
farmer would spread the mix of waste and cover material out over 10000 m2 (1 ha) at a thickness of 
0.5 m and then be exposed to this material for 876 h/y (10% occupancy). This scenario is considered 
to be very conservative as it would be highly unlikely that a farmer would use large earth-moving 
equipment to build a farm dam, but would rather make use of small excavators; bob-cats etc. These 
equipment types would not be fully suitable to excavate to depths where the waste materials will be 
encountered, i.e. beyond 4.1 m as a minimum. If this were to occur, the multiple layers within the 
cover (drainage layers; liners; geotextiles and the like) would make it very difficult for such equipment 
to penetrate.  
 

Modelling: The modelling indicates that dose rates would vary between 2.5 mSv (Eneabba waste) 
and 5.5 mSv (Wimmera waste) if a person spent 876 h/y in the centre of 1 ha of excavated waste and 
cover blended material. The total modelled dose rate is almost exclusively constituted from external 
gamma radiation. The Wood conceptual closure design does incorporate a 300 to 500 mm drainage 
layer (depending on material: gravel / rubble / rock / concrete / other) on top of the lining within the 



  

 

cover. During the institutional control period, memorial on title could be placed under the 
Contaminated Sites Act 2003, to prevent intrusion as administrative control, or alternative land uses 
e.g. solar farming could be considered. 
 
Management: If, as a result of a plausible human intrusion scenario, doses of greater than 10 mSv 
per year are calculated, additional controls are likely to be required for the disposal facility to further 
limit the possibility of human intrusion or to limit its consequences. 
 
Where it is calculated that human intrusion could result in annual doses of between 1 and 10 mSv for 
those living around the site, then reasonable efforts are warranted at the stage of development of the 
facility to reduce the probability of intrusion or to limit its consequences by means of optimisation of 
the facility’s design. (ARPANSA C3 - Code for Disposal Facilities of Radioactive Waste). Such 
optimisation is already incorporated within the cover design. 
 
6.6 Scenario 6 - Post-Closure: Offsite Contaminated Ground Water 
 
Assumptions: (Offsite Human Receptor to Contaminated Groundwater): A simulated scenario in 
RESRAD was constructed for an initial high level assessment of offsite impacts to groundwater in the 
case of failure of the lining systems and conditions of net permeation through to the underlying 
groundwater - both of which are considered highly unlikely.  It was assumed a bore 1 km downgradient 
of the ERER TSF would be extracting 250 m3/y of water; and drinking only this water at a rate of 2 
L/day (730 L/y).  
 
Modelling: Further to this, the RESRAD modelling did not effectively simulate water transfer across 
the liner or unsaturated zone in this instance. It was instead conservatively assumed that the waste 
is placed directly on top of the groundwater with 0.1% of the waste depth inside of the groundwater / 
saturated zone. Using these assumptions, the modelled dose rates for drinking water are gross over-
estimates. More refined and detailed transfer models across the liner and unsaturated zones could 
be performed at a later stage, through the use of alternate modelling software and using geochemical 
test results currently in progress.  
 
 
Management: As detailed above, the RESRAD offsite code was used to simulate ground water 
dilution down-gradient of the waste facility. If a farmer was extracting groundwater from a well, placed 
1 km down-gradient of the waste facility and consuming this water at the rates above as their sole 
drinking water source, then he / she would receive 0.2 mSv/y of dose from this water, but only after 
20,000 years. This is still only 1/5th of the public exposure limit and includes exceptionally minor 
contributions from the other pathways of radon, food etc. based on 1 km from site.  Considering that 
the closest human receptors are based at Eneabba town, approximately 5.5 km away from the waste 
disposal site, and at a location across-gradient of ground water flow, it is not foreseen that any 
potential plume of groundwater contamination would influence Eneabba town, even if the liner is 
constantly leaking (highly unlikely given liner and depth of cover being insufficient for net permeation). 
During the institutional control period, a memorial on title could also be placed under the Contaminated 
Sites Act 2003, to prevent groundwater extraction as administrative control. 
 
7. CONCLUSION  
 
For the assumed worker scenarios, the modelling results estimate dose rates lower than the radiation 
worker limit. However, protective measures should be considered because of the precautionary 
principle and because the estimated dose rates approach the limit in some scenarios (are within an 
order of magnitude of the limit). For both the operational and rehabilitation phases, efforts should be 
focussed to protect workers from external gamma dose, e.g. limit exposure time to only performing 
essential tasks in the vicinity of the waste facility. Surface Mobile Equipment (SME) could be utilised 
during rehabilitation (would provide some shielding) if wastes are suitably consolidated and dried out. 
If SMEs cannot be used, other methods should be considered (e.g. roll out liner to reduce worker 



  

 

exposure). Workers will be monitored through OSL; Thermally Stimulated Luminescence (TLD) 
badges and cumulative doses tracked. Shift rotations will also be implemented where appropriate to 
ensure that dose rates to workers are kept as low as reasonably achievable (ALARA), taking 
economic and social factors into account.  
 
It is further of critical importance to ensure that dust does not distribute into the surrounding 
environment during the rehabilitation phase, as the facility will be drained of water during this period. 
Even though the dust exposure pathway only modelled a small contribution to total dose of human 
receptors during rehabilitation, the potential impact on public perception could be significant. Further 
to this, dust distribution into the surrounding areas could impact on dose to local fauna and flora and 
potentially result in clean-up requirements with associated costs.  
 
The modelling has determined that native vegetation would be a suitable final land use for the waste 
facility post closure. The RESRAD modelling considered future bush tucker consumption and results 
indicated no dose contribution via this pathway from the contained wastes. Bush tucker consumption 
was further explored within the ERICA model, using animal specific radionuclide concentrations, and 
concentration ratios for plant. 
 
If, as a result of a plausible human intrusion scenario, doses of greater than 10 mSv per year are 
calculated, additional controls are likely to be required for the disposal facility to further limit the 
possibility of human intrusion or to limit its consequences. The modelled intrusion dose rates do not 
justify intrusion protection compared to 10 mSv per year. 
 
Where it is calculated that human intrusion could result in annual doses of between 1 and 10 mSv for 
those living around the site, then reasonable efforts are warranted at the stage of development of the 
facility to reduce the probability of intrusion or to limit its consequences by means of optimisation of 
the facility’s design. (ARPANSA C3 - Code for Disposal Facilities of Radioactive Waste). Such 
optimisation is already incorporated within the cover design, i.e. cover depth average of 6 m, 
incorporating 3 m topsoil / growth medium; 0.6 m secondary fill; 0.3 to 0.5 m drainage / intrusion 
prevention layer (dependent on material selection); LLDPE liner; 2 geotextile layers and a geo-
composite layer. Below this cover, additional fill material would be added (varying thickness) to 
construct landform on top of the waste.  
 
During the institutional control period, ‘memorial on title’ under the contaminated sites act could be 
implemented as administrative control for intrusion prevention, or alternative land uses could also be 
considered e.g. solar farming. 
 
For an onsite residential farmer (assumed 6 m cover), no significant dose rates would be received 
from water unrelated pathways of exposure. During the institutional control period, ‘memorial on title’ 
under the contaminated sites act could be implemented as administrative control for preventing 
groundwater usage at the onsite location. If an offsite farmer was abstracting groundwater from a well 
located 1 km down-gradient of the waste, he / she would receive 0.2 mSv/y of dose from drinking only 
this water plus contribution from other sources, but only after 20,000 years. This is still only 1/5th of 
the public exposure limit.  Considering that the closest human receptors are based at Eneabba town, 
approximately 5.5 km away from the waste disposal site, and at a location across-gradient of ground 
water flow, it is not foreseen that any potential plume of groundwater contamination would influence 
Eneabba town, even if the liner is constantly leaking (highly unlikely given liner and depth of cover 
being insufficient for net permeation). During the institutional control period, a memorial on title could 
also be placed under the Contaminated Sites Act 2003, to prevent groundwater extraction as 
administrative control. 
 
While the near- and medium-term dose predictions are below the relevant guidelines, some approach 
the guideline limits and therefore future refinement of the dose modelling, including more emphasis 
on uncertainty analysis is warranted. 
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Appendix 1 – RESRAD facility input data 
 

Input Parameter Value Reference 

Contaminated 
Zone Parameters 

(dimensions) 

Area of contaminated zone (m2) 110000 m2 
Area selected for waste facility (Northern 

Yellow Dam) 

Thickness of contaminated zone (m) 20 m Ben Smuts 

Contamination inside water table No  

Fraction of contaminated zone submerged 0  

Length parallel to aquifer flow (m) 
374 m (Diameter of 

Circle)  
Diameter of Circle with Area = 110000 m2 = 

πr2  

Cover and 
Contaminated 

Zone 
Hydrological 

Data 

Cover 

Cover depth 
Varying (3 to 9m) 6m 

average  
Woods Design 

Density of cover material 1.75 g/cm3 (t/m3) 
Prof Mark Dobrowolski: most rehab sites at 

Eneabba (sandy soils) are 1.7 to 1.8  

Cover erosion rate (1 : 10 
slope –  

0.00012 m/y for topsoil) 1 : 
3 slope 

Increase erosion rate by 3 
times 

0.00036 m/y 

Prof Mark Dobrowolski: slope dependent & 
material type: for 1:10 slope (10% grade) 
(current Eneabba closure plan maximum 

slope) gives rates of 0.0007 m/y for clayey 
soil (at Eneabba) , 0.00012 m/y for topsoil (at 

Eneabba) 

Cover total porosity (for 
radon emanation) 

0.2 
Dr John Bean: considering cover design as a 
whole (topsoil; fill; gravel; geotextile; LLDPE) 

Contamina
te (EP3 
Waste = 
Gypsum 
Matrix} 

Density 0.99 g/cm3 (t/m3) Ian Gough 

Erosion rate 0.001 m/y 

Prof Mark Dobrowolski: Gypsum is semi-
soluble so its erosion rate may need to 

include its dissolution rate. At least 0.001 
m/y 

Total Porosity 0.57 
Prof Mark Dobrowolski: Gypsum matrix: 

specific density of 2.32, bulk density of 0.99, 
therefore porosity of 0.57 

Field Capacity 0.57 

Prof Mark Dobrowolski: gypsum has very 
high air entry value (AEV) so holds water well 
under gravity: field capacity for fine gypsum 

matrix would be close to saturation / 
porosity i.e. 0.57 

Hydraulic Conductivity 
(Ksat): 

Assume similar to Saturated 

Operational: 3653 m/y 
Horizontal; 36.5 m/y 

Vertical 

Jacobs 2021 Table 4.1 
Prof Mark Dobrowolski: phosphogypsum HC 
varies over 3 orders of magnitude: 10-5 m/s 
to 10-8 m/s (3150 m/y to 3.15 m/y) Rehab  

b Parameter 5 

Prof Mark Dobrowolski: Gypsum matrix 
assume similar to silt so b parameter ~5: 

Clapp & Hornberger (1978), b parameter for 
silt 

Weather, 
irrigation 
and water 

run-off 

Humidity in air 
N/A (greyed out in 

model) 

Wood Yellow Dam North Design Report, 
August 2021: Average Temperature (min & 
max) = 20.5 C; Relative Humidity = 49.5% => 
7.46 g water / kg air x 1.2929 kg air / m3 = 

9.65 g / m3 

Evapotranspiration 
coefficient 

0.92 

{Jacobs EP2 Groundwater Geochemistry 
HHRA: Potential evaporation exceeds 

precipitation by an order of magnitude 
throughout the year (Johnson and 

Commander, 2006). 
Prof Mark Dobrowolski: Northern Perth 

Basin net recharge is mostly over vegetated 
ground (and take a maximum rate of 39 
mm/y, and 490 mm precipitation), that 

would give a evapotranspiration coefficient 
of 0.92 



  

 

Wind Speed 8 m/s Average Eneabba 

Precipitation 0.49 m/y 
Long term mean annual precipitation for 

Eneabba which is 490 mm 

Irrigation Dependent on Farmland (0.2 m/y RESRAD default) or Native Veg (0 m/y) 

Irrigation mode Overhead  

Runoff coefficient 0.2 

Prof Mark Dobrowolski: engineering 
assumption - cover will divert all water from 

entering the tailings material (so a coefficient 
= 1). For southwest WA, ARR (Australian 
Rainfall and Runoff) given two values for 
uncleared land of 0.15  (winter) and 0.3 

(summer) for a 400 mm rainfall (catchment-
wide values). For California, sandy soil 
pasture given a range 0.05–0.25 and 

woodlands 0.05–0.25.  

Watershed area for nearby 
stream or pond 

1000000 m2 RESRAD Default 

Accuracy for water / soil 
computations 

0.001 RESRAD Default 

Saturated Zone 
Hydrological 

Data Jarragadee 
formation, 

including the 
confining and 
perged layer. 
{Yarragadee 
Formation: 
Sandstone, 

siltstone, shale. 
Weakly 

cemented. Top 
layer more 
sandstone, 
porous and 

poorly 
cemented} - 
Jacobs EP2 

Groundwater, 
Geochemical and 

Human Health 
and Environment 
Risk Assessment 

June 2021 

Density 1.75 g/cm3 Default 

Total Porosity 0.18 
Dr John Bean: Drainable porosity of the 

aquifers is expected to be in the range 0.1 to 
0.25 

Effective Porosity 0.15 Jacobs, 2021 Report, Table 4.1 

Field Capacity 0.08 Dr John Bean 

Hydraulic Conductivity (Ksat)   
Jacobs Table 4.1 Horizontal Hydraulic 

Conductivity Perched & Lower Yarragadee: 
10 m/day 

Jacobs Table 4.1 Vertical Hydraulic 
Conductivity Perched & Lower Yarragadee: 

0.1 m/day 

3652.5 m/y Horizontal Kh modelled. Each scenario could consider 
the impacts of different parameters other 

than hydraulic conductivity, and thus provide 
insight of the sensitivity of model estimates 

to input parameters 
36.5 m/y Vertical 

Hydraulic Gradient 0.02 RESRAD Default 

b Parameter 4.38 
Table 1 Clap and Hornberger (1978) – Loamy 

Sand 

Water table drop rate 0.001 m/y RESRAD Default 

Well pump intake depth 10 mbwt RESRAD Default 

Model for Water Transport Parameters Non-dispersion RESRAD Default 

Well pumping rate 
Farmland (250 m3/y) or 

Native Veg (0 m3/y) 
RESRAD Default 

Uncontaminated 
Unsaturated 

Zone 1 (Liner: 2 x 
HDPE at 1.5mm 

each; 2 x 
geofabric; 

geogrid; 300 mm 
clay) 

Thickness 0.303 m  

Density 1.4 g/cm3  

Total Porosity 0.482  

Effective Porosity 0.482  

Field Capacity 0.2  

Hydraulic Conductivity (Ksat) 0.31 m/y  

b Parameter 11.4 Table 1 Clap and Hornberger (1978) – Clay 

Uncontaminated 
Unsaturated 

Zone 2 
Parameters 
{Yoganup 
Superficial 

Thickness 4 m 
Zoe Kosmadopoulos (hydrogeologist): 

groundwater bores – base of Yellow Dam to 
Groundwater 

Density 1.75 g/cm3  

Total Porosity 0.18 
Dr John Bean: Total porosity of 18% and 
specific retention of 3% (18%- 15% = 3%) 



  

 

Formation: 
Tertiary Sand, 

Clay} - Jacobs EP2 
Groundwater, 

Geochemical and 
Human Health 

and Environment 
Risk Assessment 

June 2021 

Effective Porosity 0.15 Jacobs Report 

Field Capacity 0.08 

Dr John Bean: relatively low given the poor 
vegetation carrying capacity (a function of 

low nutrient values also, etc.) of site soils. If 
the soil is fully saturated, the current 

assumption is that 12% of the water is 
available to drain (15 – 3 = 12%). Under 

optimistic field capacity is around 8% 

Hydraulic Conductivity (Ksat): 
Jacobs Table 4.1 Horizontal Hydraulic 

Conductivity Superficial: 5 m/day 
Jacobs Table 4.1 Vertical Hydraulic 

Conductivity Perched & Lower Yarragadee: 
0.05 m/day 

1826.3 m/y Horizontal 
Model Kh and Kv impacts in separate 

scenarios. Each scenario could consider the 
impacts of different parameters other than 

hydraulic conductivity, and thus provide 
insight of the sensitivity of model estimates 

to input parameters 

18.3 m/y Vertical 

b Parameter 4.38 
Table 1 Clap and Hornberger (1978) – Loamy 

Sand 
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Executive Summary 
 
The risk assessment and management of radionuclides entering or present in the environment has historically 
been based on human health considerations alone. Up until the International Commission on Radiological 
Protection (ICRP) publication 103 in 2007, the recommended radiation protection framework was designed for 
the purposes of protecting humans from exposures to ionising radiation, with the implicit assumption that if 
humans were protected, you would, as a consequence, provide an adequate level of protection for non-human 
species.  

More recently, there has been increasing awareness of the potential vulnerability of other organisms within the 
environment and the need to be able to demonstrate that they are protected against the effects of industrial 
pollutants, including radionuclides. Following the publication of the ARPANSA Fundamentals for Protection of 
Ionising Radiation (2014) and ARPANSA Radiation Protection of the Environment, Radiation Protection Series, 
Guide G-1 (2015), the Australian system now includes guidance for demonstrating this protection. 

Various assessment tools are available for the radiological assessment of non-human biota. One readily 
available assessment tool is called ERICA (Environmental Risk from Ionising Contaminants Assessment) that 
predicts the risk to reference animals and plants from ionising radiation. It was developed in 2007 under a 
project issued by the European Commission (Beresford, et al. 2007). The ERICA tool combines a database 
and software system structured on the ERICA Integrated Approach, following a three-tiered system comprising 
generic screening (Tier 1); site-specific (Tier 2 & 3); and probabilistic analysis (Tier 3).  

In the current evaluation, Tier 2 terrestrial and aquatic (fresh water) assessments of the Eneabba Rare Earth 
Refinery (ERER) waste disposal facilities (TSF) have been conducted, as these facilities would contain the 
majority of radionuclides originating from the ERER operations. To quantify the risk, ERICA has been used to 
calculate the effective radiation dose rate to representative fauna and flora. The calculated dose rate is then 

compared to an initial screening dose rate of 10 Gy/h.  Where the ERICA tool shows a dose to an organism 
to be less than the screening level value, it can be concluded that there is no increased risk to biota. If the 
modelled dose rate is above the screening value, a more refined exposure assessment is appropriate (e.g. 
using more detailed site-specific data) and the resulting dose rates are compared with the benchmarks for 
potential risk to organism populations (ARPANSA 2015).  
 

Operational and Rehabilitation Phase: From the modelling it was indicated that occupancy (i.e. habitat 
attractiveness) will determine whether organisms are likely to be exposed to radiation levels with the potential 
of harm to individual members of a species or populations as a whole during the operational or rehabilitation 
phase of the waste disposal facility. Even while assigning a generously conservative level of occupancy, most 
species will not reach a dose level within the effects range. Organisms with predicted dose rates within or 
above benchmarks were primarily Reptiles (within effects range based on individual organism), Insect Larvae 
(still below observed effects for individual organism) and Zooplankton. It has to be noted however that 
zooplankton populations do not currently exist at the site and establishment would require colonisation despite 
saline and ephemeral water conditions. Post operations, upon draining TSF cells for rehabilitation, these 
species would disappear again. The impact that radiation dose would have if such populations were to 
establish, is therefore a moot point. 

 

The modelling further demonstrated that the internal dose rate (ingestion/inhalation) component is the main 
contributor to total dose - although this assumes ingestion of water that has elevated sulphate (approximately 
700 mg/L sulphate versus typical tolerance of 250 mg/L due to purgative effects). Monitoring and efforts should 
therefore be directed towards discouraging any potential biota occupancy within waste disposal cells and 
mitigating pathways of exposure which could give rise to internal pathways of exposure (i.e. direct contact with 
material). If such potential pathways are eliminated or reduced, risk of harm to non-human biota would 
substantially decrease. 
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The modelling has been conducted on waste originating from Eneabba monazite (EP2 product) as feed to 
ERER; Wimmera concentrate as feed; as well as combined Eneabba and Wimmera feed. Conclusions on 
protection of individual species and population effects were made from exposure to Wimmera waste to be most 
conservative, as this waste would represent the highest radionuclide concentrations. Third party feed blends 
are all indicated as being an order of magnitude lower in activity concentrations than either Wimmera or 
Eneabba concentrates and would hence have a large "dilution" effect on radionuclide concentrations in feeds 
as well as wastes from the ERER, with subsequent reduction of risk to environmental organisms.  

The waste cells will be under water or moist during active operation which will prevent fine gypsum dust from 
distributing into the surrounding environment, thereby reducing the pathway of inhalation exposure. Gypsum 
dominated tailings facilities at other sites typically form crusts by wetting / drying cycles, thereby naturally 
reducing dust liberation.  It is further not anticipated that terrestrial plant species would establish on top of 
active cells, nor for animals to burrow during operation. The time window when wastes have fully consolidated 
and dried (after draining waste cells of excess water upon reaching capacity), to covering the cell, is not 
foreseen to be excessive (advanced part of rehabilitation period), thereby minimising establishment of plants 
or burrowing to occur (i.e. direct contact with material). While operational, the individual waste cells might 
however pose a risk of drowning (considered the biggest risk) to terrestrial animals.  
 
The temporary and shifting nature of ponded water within the waste facility is considered to be an unattractive 
source of water (salinity, elevated sulphate), with the establishment of aquatic plants, invertebrate, and/or fish 
communities not expected. Therefore, ponded water would not provide sufficient breeding or foraging habitat 
to support resident water bird populations. Additionally, higher quality aquatic habitat exists in the area (i.e. the 
Lake Logue-Indoon System, which includes Lake Indoon (a smaller semi-permanent brackish lake), smaller 
shallow ephemeral wetlands, intermittent creeks and drainage lines, located approximately 13 km west-
southwest of Eneabba) and would be expected to have a much higher usage by water birds. It would be most 
likely that water birds would only use the waste facility as a temporary resting area and exposure would be 
limited.   
 
It is important that, when assessing the radiological impact on the environment, the protection of the 
environment as a whole remains the key aim. A derived concentration reference level (DCRL) is considered 
as a band of dose rate within which there is likely to be some chance of deleterious effects of ionising radiation 
occurring to particular individuals of that type of organism. Environmental Reference Levels (ERLs) refer to 
population effects. The current investigation therefore followed the ARPANSA Guide by comparing dose results 
with standard benchmarks (ERLs) to demonstrate protection of the environment as a whole. 
 
Given that the DCRLs were not exceeded for all organism types (with the exception of reptiles; insect larvae; 
and zooplankton), the results generally indicate population protection even for waste predicted to contain the 
highest radionuclide activity concentrations (Wimmera). However, because the analysis indicated dose rates 
would potentially fall within the DCRL ranges for certain organism types, and given the inherent analysis 
uncertainties (not fully defined yet), the following actions are recommended: 

  
• Containment of tailings: fencing off waste cells while in operation to fauna, as well as during rehabilitation. 

Establishment of such fences / barriers should be aimed to prevent access of fauna to the extent possible, 
both to mitigate radiological exposure, as well as to reduce the risk of drowning; 

• Minimise pathways of inhalation: minimising the time between individual waste cell drainage and covering 
for rehabilitation - this would minimise dust from being blown into the surrounding environment, as well 
as the available time window for establishment of terrestrial flora or burrowing to occur. Investigate 
additional dust suppression measures during this time window; and 

• Monitoring: periodic monitoring of organism occupancies within the TSF area and revisiting the 
environmental dose assessment in future. 

 
Lining of waste disposal facilities with multiple layers of control during operations and post-closure to eliminate 
groundwater contamination and related pathways of exposure to the surrounding biosphere (both for 
operational and post-closure phases), is also an inherent measure within the design.   
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Human Dose – Bush Tucker Consumption: Doses from ingestion of bush tucker from the ERER TSF were 
below than the public dose limit of 1 mSv/y and not considered a potential risk. This scenario is highly unlikely 
to occur as it assumes site access during the operational phase, which is not a plausible scenario. It was 
however included as a hypothetical limiting case for the purposes of comparing dose rates. Levels from post 
closure consumption will be significantly lower due to distance and shielding provided by the cover.   

 
Post Closure Phase: During the post closure phase, the waste will have a cover in place (assumed average 
of 6m thick). From RESRAD based modelling it was shown that dose rates based on adjusted potential human 
exposures are extremely low for radon and negligible for gamma both directly on surface of cover material 
(ground dwelling organisms) as well as at 0.5 m below surface of cover material (burrowing animals and plant 
roots). Values were at least 1,000 fold below dose criteria (based on humans).  It is therefore concluded that 
gamma and radon penetrating the cover at these depths are negligible and would therefore also be negligible 
for non-human biota. 
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1. PURPOSE 

To evaluate potential pathways of radiation exposure to the environment which could impact local fauna 
and flora as a result of bulk waste residue expected to originate from the ERER. The protection objective 
is to ensure maintenance of robust wildlife populations. This involves demonstrating that radiation 
exposures are of no regulatory concern in relation to the maintenance of biological diversity, the 
conservation of species, or on the health of natural ecosystems16. In this evaluation, Tier 2 ERICA (version 
1.3) assessments (Environmental Risk from Ionizing Contamination Assessment) have been conducted 
for the terrestrial and aquatic (fresh water) ecosystems, as to quantify the risk. 

2. BACKGROUND 

2.1 Eneabba ERER – Mid West Operations 

The most significant stream from a radiological point of view is monazite tailings from Narngulu. Monazite 
content in this material varies from between 20% and 40%. Monazite [(Ce,La,Pr,Nd,Th,Y)PO4] is a heavy 
mineral commonly associated with traditional mineral assemblage sources from the Eneabba Mineral 
Sands Province located in the Mid-West of Western Australia. Monazite naturally occurs mainly as four 
different mineral varieties depending on the relative elemental composition. The monazite sources from 
Eneabba is generally dominated by Cerium (Ce) and contains lower (in decreasing order) proportions of 
Lanthanum (La), Praseodymium (Pr), Neodynium (Nd), Thorium (Th) and minor amounts of Yttrium (Y).  

This material is currently stored in in the mined out pit (Monazite Pit) at Eneabba. The temporary storage 
of monazite concentrate was approved by the State Mining Engineer subject to conditions of approval 
(DME Ref: GH:RB, 20 May 1994). The Eneabba Monazite Pit (EMP) has been receiving monazite rich 
residues from mineral separation plant (MSP) operations at Eneabba and Narngulu for approximately the 
past 30 years. Placement of the monazite concentrate was for long-term storage until such a time as 
favourable market conditions would allow Iluka to re-mine this material and sell it either as a concentrate; 
up-graded monazite product; or refined products from a rare earth extraction unit. Iluka is now re-claiming 
the mineral in a three-phase approach. 

 
Phase 1 (EP1) involves re-mining and clean-up of material from the EMP; screening to remove oversize; 
and desliming to remove fines / clay capping. The oversize is returned to the void; the clays to a dedicated 
tailings storage facility (TSF); and the washed product is approximately 20% rare earth phosphate minerals 
(mixed with zircon; ilmenite; and other accessory minerals) produced for sale.  
 
Phase 2 (EP2) will treat material from Phase 1 and upgrade through physical separation to produce an 
80-90% rare earth mineral concentrate (~20 ktpa), with further recovery of remaining heavy minerals into 
a heavy mineral concentrate (HMC) discarding the lighter, low value mineral sands. The rare earth mineral 
concentrate will be sold, and the remaining HMC will be trucked to Narngulu MSP for recovery of zircon 
and ilmenite products.  
 
Phase 3 (ERER) is still in the development phase, aims to upgrade the rare earth mineral concentrate 
stream (Phase 2 product) into individual rare earth oxides and carbonates through its proposed refinery. 
ERER processing will comprise concentrate milling; sulphation; leaching; residue washing; impurity 
removal; separation through solvent extraction, drying / calcining then bagging. 

The ERER plant (location Figure 1) will receive the rare earth mineral concentrate stream from EP2, 
material from third party feed sources, and in the future, rare earth mineral concentrate from Iluka’s 
Wimmera project in Victoria, amongst other sources.  

Multiple potential waste facilities are anticipated for ERER: Bulk waste disposal facilities (ERER TSFs) 
(Figure 1) and a brine storage / evaporation pond. The location of the brine storage facility is not yet 
defined, but will exist within the boundary of the processing site. Any access that local fauna might have 
to the bulk waste disposal facility while in operation needs assessment (and potential mitigation), as well 
as post-closure remnant pathways of exposure to local fauna and flora. 
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Figure 1: ERER Refinery location and Potential TSF locations 

 

2.2 ERER Waste Classification 
 
A review [28] was conducted of available waste characteristics for the ERER plant, based on Eneabba 
Monazite feed (per ‘ANSTO C1731 2021-04-30 Eneabba Waste Treatment Draft Report’); and from work 
conducted on Wimmera material: ‘ANSTO C1663 2019-12-20 Wimmera Waste Treatment Process 
Development Report’. Classification of such wastes were conducted in line with ARPANSA RPS G-4: 
Guide for Classification of Radioactive Waste; and ARPANSA RPS 6: National Directory for Radiation 
Protection, as based on IAEA General Safety Guide GSG-1: Classification of Radioactive Waste; and 
General Safety Requirements GSR Part 3: Radiation Protection and Safety of Radiation Sources: 
International Basic Safety Standards. The Rare Earth Solid Residue (bulk waste solid) is classified as very 
low level waste (VLLW) under conditions of Eneabba Monazite feed on its own; Wimmera Monazite / 
Xenotime feed on its own; as well as the blend between Wimmera and Eneabba feed. The Wimmera feed 
on its own would represent the highest waste radionuclide activity concentration. VLLW is suitable for 
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disposal in near surface, industrial or commercial, landfill type facilities, requiring a moderate level of 
containment and isolation.  

Waste streams anticipated from the ERER operations are:  

 

• Evaporation pond salts. Disposal would be required if not reclaimed and routed back into the 
circuit; or classified a by-product for potential use in fertilizer products. 

• Off-gasses released into the atmosphere. Modern exhaust emissions criteria will be met through 
selection of scrubber units to ensure no exceedances are incurred.  

• Bulk washed leach residue (bulk of the radionuclides should report to this stream).  

• Potential scales formed through thermal and leaching processes. 

• Potential build-up of radionuclides within recirculating streams could bleed to precipitates or 
accumulate on filters over time (where / when solute saturation levels are exceeded). This could give 
rise to additional solid waste streams like contaminated filters. 

 
Build-up of radionuclides per last bullet point above, is expected to report to the bulk washed leach residue, 
if not contained on filters and the like. Potential scales would be collected and stored separately (if so 
required based on specific activity and total activity) from bulk wastes and will have its own waste disposal 
and / or storage management strategy. Alternatively (depending on activity levels), scales could be routed 
to the bulk residue without affecting structural stability. It is not expected that fauna and flora would come 
into contact or have access close to such scales, if stored separately. 
 

3. ENVIRONMENTAL RADIOLOGICAL ASSESSMENTS 

The risk assessment and management of radionuclides entering or present in the environment has 
historically been based on human health considerations alone. Up until the International Commission on 
Radiological Protection (ICRP) publication 103 in 2007, the recommended radiation protection framework 
was designed for the purposes of protecting humans from exposures to ionising radiation, with the implicit 
assumption that if humans were protected, you would, as a consequence, provide an adequate level of 
protection for non-human species.  

More recently, there has been increasing awareness of the potential vulnerability of other species within 
the environment and the need to be able to demonstrate that they are protected against the effects of 
industrial pollutants, including radionuclides.  

The ICRP revised its fundamental recommendations in 2007 (Publication No 103) to include a framework 
for assessment and protection of non-human species and in 2008, published The Concept and Use of 
Reference Animals and Plants (RAP) for the purposes of Environmental Protection. This included a list of 
RAPs that would be adopted by the ICRP and outlined the framework for a common methodology of 
assessment. Publication No. 114 - Transfer Parameters for Reference Animals and Plants (2009) uses 
this generically defined group of organisms, usually at the taxonomic level of Family, to establish datasets 
that allow assessors to relate the transfer of radionuclides from the environment to organisms, radiation 
exposure to dose, and dose to effect.  

Following the publication of the ARPANSA Fundamentals for Protection of Ionising Radiation (2014), the 
Australian system now includes guidance for demonstrating protection of the environment. Additionally in 
2015, ARPANSA issued a Guide – G1: Radiation Protection of the Environment.  The purpose of G1 is to 
provide best practice guidance on how to assess environmental exposures and demonstrate protection of 
the environment from the human activities that give rise to such exposures. 

In view of the large data sets underpinning the assessment approach and the potential to introduce errors 
when performing numerous calculations by hand, a supporting computer-based tool, the ERICA Tool, was 
developed as described in Brown et al. (2008). The ERICA Tool adopts a tiered structure. Tiered 
approaches have become a standard means of structuring risk assessments for chemicals (e.g. European 
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Food Safety Authority, 2013) and radioactivity (e.g. USDoE, 2002). For the particular approach used in the 
ERICA Tool, there are two generic screening tiers and a third site specific tier.  

The purpose of the ERICA Integrated Approach is to ensure that decisions on environmental issues give 
appropriate weight to environmental exposure, effects and risks from ionising radiation with emphasis on 
ensuring the structure and function of ecosystems. It can be applied in planned and existing exposure 
situations, and although it is not primarily intended for emergency exposure situation, parts of the 
Integrated Approach would still be relevant. [13] 

To fulfil this objective, elements related to environmental management, risk characterisation and impact 
assessment have been integrated into one common structure, as illustrated in Figure 2. [13] 

 
Figure 2: ERICA Integrated Approach Structure 

 

Decision-making on activities, facilities, existing sites and contaminated areas of potential, perceived or 
actual environmental concern is normally governed by an environmental impact assessment (EIA). The 
ERICA Integrated Approach supports the EIA within the area of environmental radiation, which may be a 
major or minor concern within the overall EIA, depending on the circumstances. [13] 

The ERICA Tool supports the Integrated Approach and guides the user in: 

• problem formulation; 

• carrying out the impact assessment; 

• assessing the level of uncertainty (or confidence) in procedure and results; and 

• making decisions, in consultation with stakeholders if necessary, before, during and after the 
assessment. [13] 

To aid decision-making (which is a non-linear process), three main elements have been combined into 
ERICA: the assessment of environmental exposure and effects using the ERICA Tool; risk 
characterisation; and risk management (Figure 2). [13] 
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Assessment refers to the process of estimating exposure of biota, which involves estimating or measuring 
activity concentrations in environmental media and organisms, defining exposure conditions, and 
estimating radiation dose rates to selected biota. [13] 

Characterisation includes estimation of the probability and magnitude of adverse effects in biota, together 
with identification of uncertainties. Within the ERICA Integrated Approach, published effects data are used 
as the basis of the assessment, with risk characterisation performed by evaluating the output data from 
the assessment (estimates of exposure) against effects analyses. [13] 

Management is used as a general term for the process of taking decisions before, during, and after an 
assessment. The term covers such diverse aspects as decisions on specific technical issues associated 
with the execution of the assessment, general decisions relating to the interaction with stakeholders, and 
post-assessment decisions. [13] 

The Integrated Approach uses measured or predicted radionuclide activity concentrations in environmental 
media or biota as inputs into the ERICA model. Depending on intermediary results, the assessment then 
continues through a maximum of three tiers (Figure 2). 

Tier 1 assessments use pre-calculated environmental media concentration limits (EMCLs) to estimate risk 
quotients (RQs) and require inputs in the form of media concentrations. The results from this assessment 
are considered to be conservative and therefore can be used to screen out sites where there is a negligible 
radiological risk of the populations of non-human species being affected by the presence of the ionising 
radiation. Input media activity concentrations are compared against EMCLs which have been calculated 
for the most limiting organism for each radionuclide. This tier does not require specialist knowledge.  

Tier 2 is a more detailed risk assessment, using best estimate values. At Tier 2, estimated absorbed dose 
rates for each organism of interest are put into context by comparing to summarised tables of benchmarks 
for potential radiation effects and to natural background exposure. Any high risk areas identified will require 
a more detailed site specific radiological assessment for identified radionuclides and organisms.  

For Tier 3 assessments, the same flexibility as Tier 2 is allowed. Tier 3 is a probabilistic risk assessment 
in which uncertainties associated with the results may be determined using sensitivity analysis, and that 
allows access to a compilation of up to date available scientific literature on the biological effects of 
exposure to ionising radiation in a number of different species. This will allow an estimate of the probability 
(or incidence) and magnitude (or severity) of the environmental effects likely to occur and, by discussion 
and agreement with stakeholders to determine the acceptability of the risk to non-human species. Results 
can be put into context using incorporated data on dose-effects relationships and background dose-rates. 

Tier 3 is used when a probabilistic analysis is justified (e.g. when conservative Tier 2 estimates predict 
high dose rates that may impact populations and when there are uncertain ranges in the input data). 

The ERICA database has been built around a number of Reference Organisms, each with its own specified 
geometry (and default transfer data) and is representative of terrestrial, freshwater or marine systems. 

The assessment element of the ERICA Integrated Approach is organised in three separate tiers, where 
satisfying certain criteria in Tiers 1 and 2 allows the user to exit the assessment process while being 
confident that the effects on biota are low or negligible, and that the situation requires no further action.  

In this evaluation, all assessments were undertaken at Tier 2, allowing the user to be more interactive than 
in Tier 1 assessments; to change the default parameters; and to select specific Reference Organisms. The 
evaluation is performed directly against the screening dose rate of 10 µGy/h, both for the terrestrial and 
the aquatic environment. 
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Screening Environmental Reference Level - The 10 μGy/h benchmark represents the dose rate at which 
approximately 95% of the species in the ecosystem are expected to be protected, with an additional safety 
factor incorporated to account for limitations in the initial data.  

 
ERICA screening environmental reference level for Tiers 1 and 2: 

• 10 μGy/h for all ecosystems 

At the ecosystem level, the no-effect values lie in the dose range giving rise to minor cytogenetic effects 
or minor effects on morbidity in vertebrates. These effects are not expected to be directly relevant at higher 
organisational levels, such as the structure and functioning of ecosystems. 
 

4. OBJECTIVES OF RADIATION PROTECTION OF THE ENVIRONMENT  

The protection objective is to ensure maintenance of robust wildlife populations. This involves 
demonstrating that radiation exposures are of no regulatory concern in relation to the maintenance of 
biological diversity, the conservation of species, or on the health of natural ecosystems16.  

Any considered environment, whether terrestrial, aquatic, or marine may contain many forms of wildlife 
coexisting within a more or less complex ecosystem. Hence, the protection of any specific environment 
may be defined as the protection of the exposed biota to ensure minimisation of the impact to the 
ecosystem under threat as a whole. [15] 

Key benchmark Environmental Reference Levels (ERLs) are: 
 

• Generic screening benchmark of 10 µGy/h; 

• ICRP Derived Concentration Reference Levels (DCRLs); and 

• Population-based benchmarks (e.g. 400 µGy/h for freshwater organisms, UNSCEAR). 
 

5. FAUNA ASSESSMENTS 

The vertebrate fauna assemblage of the general region of Eneabba is rich with considerable biogeographic 
overlap, including species from the south at the northern edge of their range, arid zone species on the 
south-western limit of their range, and species endemic to the northern sandplains (BCE 2013). Over 250 
fauna species are expected in the region, comprising freshwater fish, frogs, reptiles, birds and mammals 
(BCE 2013).  The invertebrate assemblage cannot be so readily documented, but the Eneabba area is 
one of the few regions in the state for which invertebrate species lists are available.  

The fauna habitats that occur in the area are a mix of heathland and woodland on sand/dunes that can 
include Eucalyptus and Banksia species, and support conservation significant species such as the 
Carnaby’s Black Cockatoo. 

Fauna of the Eneabba area is well documented as a consequence of mining being established in the area 
in the early 1970s with numerous baseline studies commissioned and research studies conducted. A 
comprehensive literature review of fauna studies undertaken at Eneabba was completed by Bancroft and 
Bamford (2006) which compiled lists of fauna from various studies and authors including Dunlop (1981), 
Foulds and McMillan (1982), McNee et al. (1995) HGM Consultants (2001), Bamford (2007a; 2007b) and 
Johnstone and Kirkby (2007; 2008; 2013). Studies by Sartori 1980, Majer et al. (1982), Herlihy (1985), 
Majer and Bergl (1984), Houyle (1988), McMillan (1992) and Bisevac and Majer (1999b) focused on 
invertebrate associations and minesite rehabilitation, while Bisevac and Major (1999a) and Bamford (2008, 
2009, 2013) expanded on impacts from mining and potential habitat loss. 

An estimate of the fauna assemblage of the Eneabba mining lease area was compiled utilising the results 
from the reviews and studies together with the species recordings during the 2012 site inspection 
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undertaken at Eneabba (BCE 2013).  The number of species expected to occur in the Eneabba mining 
lease area are presented in Table 1 (BCE 2013). 

Table 1 Number of fauna species expected to occur within the mining lease area (BCE 2013) 

Taxon Number of species expected Significant fauna species expected 

Frogs 9 0 

Reptiles 56 3 

Birds 120 12 

Mammals 26 2 

Total 211 17 

Note: Conservation status for species occurring or potentially occurring in the area was assessed against the Wildlife Conservation 
Act 1950 and the Environment Protection and Biodiversity Conservation Act. Conservation categories used follow the international 
Union for the Conservation of Nature and Natural Resources (IUCN 2001) [Appendix 1] 

5.1 Species of conservation significance 

Two reptiles, five birds, one mammal and three invertebrate species of conservation significance have 
been identified as occurring or potentially occurring in the mining lease area (Tables 2 and 3).  A full list of 
expected or recorded conservation significant species in the Eneabba mining lease area is provided in 
Appendix 1. Conservation status for species occurring or potentially occurring in the area was assessed 
against the Wildlife Conservation Act 1950 and the Environment Protection and Biodiversity Conservation 
Act. Conservation categories used follow the international Union for the Conservation of Nature and 
Natural Resources (IUCN 2001).  

Table 2 Conservation significant vertebrate species likely to, or potentially occurring, in the 
Eneabba mining lease area 

Reptiles 

Black-striped 
Snake 

(Neelaps 
calonotos) 

This small, burrowing snake is close to the northern limit of its range around Eneabba.  
It is restricted to the coastal sandy soils that support woodland and heath.  Suitable 
habitat is available for this species and it may be present in the area.  It has been 
recorded (BCE database) at Cooljarloo (90 km south) and in the Adams Road area 
(50 km north) (BCE 2013). 

Birds 

Peregrine Falcon  

(Falco peregrinus) 

This species is found in a variety of habitats, including rocky ledges, cliffs, watercourses, 
open woodland and Acacia shrublands.  The distribution of the Peregrine Falcon is often 
tied to the abundance of prey as this species predates heavily on other birds.  The 
Peregrine Falcon lays its eggs in recesses of cliff faces, tree hollows or in large 
abandoned nests of other birds.  Peregrine Falcons are not expected to breed in the 
Proposal area due to lack of nesting habitat; however, it has been recorded in previous 
surveys around Eneabba and birds may occasionally over-fly the area (BCE 2013). 
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Carnaby’s Black 
Cockatoo  

(Calyptorhynchus 
latirostris) 

Carnaby’s Black Cockatoo is reported to forage extensively in the Eneabba area on 
remnant vegetation and rehabilitated mine site vegetation on a very wide range of plants, 
including Banksia spp. and Hakea spp.  Other food sources include Melaleuca 
leuropoma, Lambertia multiflora and Xanthorrhoea spp.  The species has been 
observed feeding on weed seeds in paddocks (BCE 2013).   

The abundance of the species in the area is greatest during the non-breeding period.  
This indicates that the birds migrate elsewhere to breed, as there is no suitable breeding 
habitat in the Proposal area.  The area is known to be used for foraging by the Carnaby’s 
Black Cockatoo (BCE 2013, Johnstone et al. 2013). 

Rainbow Bee-
eater 

(Merops ornatus) 

The Rainbow Bee-eater is an abundant, ground-nesting species that catches insects on 
the wing over a range of environments.  This species is found in open woodlands, 
shrublands and cleared areas, near water.  It will often use disturbed sites such as 
quarries, mines and can construct its nesting burrows in disturbed soil along roadsides.  
It is a summer, breeding visitor to the South-West and is likely to be present annually in 
the area.  This species was recorded by Iluka personnel in November 2012 in an old 
mine void south of the area (BCE 2013). 

Rufous Field-Wren  

(Calamanthus 
campestris) 

This species occurs on heaths and low shrublands within the Eneabba region.  It is 
common and widespread in the region; however, numbers have declined due to 
agricultural clearing.  The Rufous Field-Wren has been observed in the area during the 
2012 site inspection (BCE 2013). 

Australian Painted 
Snipe (Rostratula 
australis) 

This species inhabits inland and coastal shallow freshwater wetlands, occurring in both 
ephemeral and permanent wetlands. Thought to be nomadic. The diet consists of 
aquatic invertebrates including worms, snails, molluscs, and water beetles as well as 
the seeds of aquatic vegetation (Birds in Backyards, 2021; Oiseaux.net, 2021) 

Mammals 

Brush Wallaby  

(Macropus irma) 

The Brush Wallaby occurs in open forest or woodland with low grasses and scrubby 
thickets.  It is also found in some areas of mallee and heathland.  Although it has not 
been observed during any Iluka fauna survey, this species is expected to be present in 
low numbers through areas of native vegetation in the region and may be present within 
the area (BCE 2013). 

Note: Evaluation of all snakes have been conducted in a separate assessment 

A comprehensive list of invertebrate species recorded during historic surveys of the Iluka Eneabba leases 
was compiled by McMillan et al (1992), expanded upon by BCE (2013).  Despite this information, there 
are still limits to the depth of understanding of the invertebrate assemblage. BCE (2013) has assessed the 
invertebrate fauna in relation to the vegetation types and landforms that are present in the area with an 
understanding that rare or unusual vegetation types or landforms are likely to support species with 
restricted distributions. There are seven conservation significant invertebrate species known from the 
Eneabba area (Appendix 1). Through assessment of habitat available within the mining lease area, three 
of the seven conservation significant invertebrate species are likely to be present; the millipede 
(Antichiropus Eneabba 1), the katydid cricket (Hemisaga vepreculae) and the native bee (Hylaeus 
globuliferus) (BCE 2013).   

Table 3 Invertebrate Conservation significant species likely to, or potentially occurring, in the 
Eneabba mining lease area 

Invertebrates  

Native Bee  

(Hylaeus 
globuliferus) 

The bee is a solitary species that nests in dead twigs or plant stems and forages on 
nectar and pollen, including that of Banksia attenuata, which is present in the area (BCE 
2013). 
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Katydid Cricket  

(Hemisaga 
vepreculae) 

The habitat of the cricket is uncertain, but similar species occur in heaths and woodlands 
(BCE 2013). 

Additionally, to the conservation significant species, common species such as Kangaroo, Emu, Echidna 
are regular visitors in the Eneabba mining lease area. 

It is further recognised that the presence of the waste disposal facility, as planned to contain water during 
the operational phase, could allow for algae growth (dependent on pH levels) and attraction of water birds; 
frogs; and the like. Potential establishment of plant / algae species within the waste facility will be 
dependent on water pH; salinity and the like. To evaluate potential risk to fresh water species, a Tier 2 
ERICA assessment was also conducted for the aquatic environment with adoption of the RAP’s for 
freshwater environments.  

For the aquatic risk assessment, ‘Jacobs Eneabba Project Phase 2 – Groundwater, Geochemical and 
Human Health and Environment Risk Assessment, 4 June 2021’, conducted a desktop evaluation to 
identify the ecological values at the Site in specifically identifying an appropriate avian receptor (water 
bird). Several water birds occurring or potentially occurring in the area of the Site have been identified, 
including, the Curlew Sandpiper (Calidris ferruginea), Eastern Curlew (Numenius madagascariensis) and 
the Australian Painted Snipe (Rostratula australis). Both the Curlew Sandpiper and the Eastern Curlew 
are however listed as ‘migratory’ wetland species under the EPBC Act and are likely to only visit the Site 
seasonally. 

The Australian Painted Snipe was however identified as an ‘endangered’ species under the EPBC Act that 
may occur in the Eneabba Mine area and could therefore access the EP3 TSF. Their diet consists of 
aquatic invertebrates including worms, snails, molluscs, and water beetles as well as the seeds of aquatic 
vegetation (Birds in Backyards, 2021; Oiseaux.net, 2021). Based on this dietary description, the waste 
cells are not likely to present a desirable long term habitat as they won’t be well vegetated; are unlikely to 
enable crustaceans or molluscs to establish themselves as a food source; and will have nearby activity 
associated with day-to-day operations. Whilst noting that the habitat is most likely less desirable than other 
more stable nearby locations (i.e., the Lake Logue-Indoon System, which includes Lake Indoon (a smaller 
semi-permanent brackish lake), smaller shallow ephemeral wetlands, intermittent creeks and drainage 
lines etc), the Australian Painted Snipe was added as receptor for the ERICA assessment as per Table 2. 

 
It is however very unlikely that water birds would be present at the waste disposal facility for 100% of the 
time for the following reasons: 

• The temporary and shifting nature of ponded water in the waste cells would be an unattractive 
source of water, with the establishment of aquatic plants, invertebrate, and/or fish communities not 
expected to occur.  

• Salinity levels of ponded water (gypsum waste matrix) are normally expected to be high with 
elevated sulphate concentrations in the order of 700 mg/L which if ingested has purgative effects 
(levels above 250 mg/L sulphate).  

• Therefore, ponded water would not provide sufficient breeding or foraging habitat to support a 
resident water bird population. It would be most likely that water birds would only use the waste 
facility as a temporary resting area and exposure would in reality be limited.  

6. RADIONUCLIDE CONCENTRATION IN ENVIRONMENTAL MEDIA WITHIN THE WASTE FACILITY 

To represent a ‘conservative’ scenario towards potential exposure of biota, the radionuclide concentrations 
as projected to be within the ERER TSF (Eneabba Monazite feed; Wimmera feed; and combined Wimmera 
and Eneabba Monazite feed) without further dilution was used in the ERICA model. This is seen to be the 
most conservative while the facility is in operation or rehabilitation, i.e. not yet covered with inert material, 
as well as most conservative towards waste radionuclide concentrations. The Wimmera material is 
estimated to contain the highest waste radionuclide activity concentration (Project Process Engineer). 
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Third party feed blends are all indicated with head-of-chain radionuclide concentrations an order of 
magnitude lower (Table 4) than either Wimmera or Eneabba concentrates and would hence have a large 
"dilution" effect on radionuclide concentrations in feed and wastes from the ERER TSF. 

Table 4 estimates the blend ratios for various feed combinations expected in future production through the 
ERER plant. The feed mass ratios per Table 4 was used to ‘simulate’ a waste blend between Eneabba 
and Wimmera. Table 4 further includes thorium and uranium analysis of feed materials (Project Process 
Engineer) to demonstrate the extent of the dilution expected in feed materials. Though not yet defined for 
third party blends, the wastes originating from such blends would therefore also have a large dilution of 
radionuclide concentrations.  

Table 4 - ERER Feed Blend Ratios and Feed Thorium and Uranium 

Blends 

Base Case Blend 2 Blend 3 Blend 4 Blend 5 Blend 6 Blend 8 Blend 9 

Eneabba / 
External 1 

Eneabba / 
External 2 

Wimmera / 
External 2 

Wimmera 
Double 

rate 

Eneabba / 
External 1 / 
External 2 

Eneabba 
Double 
Rate 

Wimmera / 
External 1 

Eneabba 
/ 

Wimmera Concentrate  

Feed 

Eneabba 16,300 t 27,433 t - - 16,300 t 32,600 t - 16,300 t 

Wimmera - - 27,982 t 35,536 t - 
 

16,626 t 18,910 t 

External 2 - 12,500 t 12,500 t - 12,500 t 
   

External 1 38,300 t - - - 23,001 t 
 

38,300 t 
 

Total 54,600 t 39,933 t 40,482 t 35,536 t 51,801 t 32,600 t 54,926 t 35,210 t 

 

Concentrate Feed Th Bq/g U Bq/g Th & U Bq/g 

Eneabba 212.9 29.9 242.8 

Wimmera 142.5 37.3 179.8 

External 1 32.8 2.1 34.9 

External 2 0.5 2.4 2.9 

 

Table 5 summarises the radionuclide concentrations used as environmental media concentrations within 
the ERICA model (only for Eneabba monazite and Wimmera materials, as full radionuclide analysis has 
been conducted).  
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Table 5 – ERER Bulk Waste Radionuclide Analysis  
 

Radionuclide 

ANSTO Test-work 
Eneabba Monazite Feed 

Reconstructed from 
Wimmera 

Eneabba & 
Wimmera 

Reconstructed 
Residue 

Neutralised Waste Reconstructed Eneabba 
Retained Solids Dec 2020 Solid 

Unit Bq/g Bq/g Bq/g 

U-238 2.4 5.5 4.1 

Th-230 4.9** 19.86 12.9 

Ra-226 3.4 10.4 7.2 

Pb-210 4.5** 13.94 9.6 

Po-210 4.6 7.54 6.2 

U-235 0.11 0.26 0.2 

Pa-231 0.81 1.06 0.9 

Ac-227 0.29 0.10 0.2 

Th-227 0.29 
 

0.3# 

Th-232 37 78.4 59.2 

Ra-228 33 70.51 53.1 

Th-228 37 82.34 61.4 

K-40 0.3 
 

0.3# 

Total 407 915.19  

Note: Grey cells < MDL 
#Value adopted from Eneabba Monazite Residue as no value for Wimmera available 
** Pb-210 calculated from ratio of elemental lead to Pb-210 in the feed and Pb in the residue. Th-230 calculated from ratio of Th-232 to Th-
230 in the feed and Th-230 in the residue.  
 

7. ERICA ASSESSMENT 

7.1 Default radionuclides in ERICA 

The ERICA Tool (version 1.3) isotopes library contains 63 radionuclides by default, including key natural-
series radionuclides important to the context of environmental radiological assessments. The library can 
be expanded in Tier 2 and Tier 3 assessments so that the Tool has the capability to undertake 
assessments for all but a few of the radionuclides listed in ICRP Publication 38 (ICRP, 1983). The 
radionuclides selected for this assessment are listed in Table 6. 

 
Table 6 – Default Radionuclides in ERICA Tool 

Element Isotope 

Pb Lead Pb-210 

Po Polonium Po-210 

Ra Radium Ra-226 ; Ra-228 

Th Thorium Th-227, Th-228, Th-230, Th-232  

U Uranium U-235, U-238 
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7.2 Activity Concentration in Environmental Media 

Radioactivity concentration (activity concentration) refers to the amount of radioactivity per unit volume 
and unit mass in materials that include radionuclides. The units for radioactivity include Becquerel per 
gram (Bq/g) and Becquerel per litre (Bq/L). The radionuclide activity concentration in media (water, 
sediment, soil and air) is the basic inputs required for all three tiers of the ERICA Tool. The radionuclide 
analysis for the materials based on current data is given in Table 6 illustrating the difference between 
sources of feed (Eneabba versus Wimmera).   

Table 6 – Media Activity Concentrations of ERER Neutralised Waste used for ERICA model 
 

Isotope 

Activity Concentration in soil & sediment Bq/g 

Activity 
Concentration in 

liquid / water Bq/L* 
Eneabba Monazite 

bulk residue 
(analysed) 

Wimmera bulk 
residue 

(estimates) 

Wimmera & 
Eneabba bulk 

residue 
(estimates) 

Pa-231 0.81 1.1 0.9 0.001 

Pb-210 4.5 13.9 9.6 0.0003 

Po-210 4.6 7.5 6.2  

Ra-226 3.4 10.4 7.2 0.0047 

Ra-228 33 70.5 53.1 0.055 

Th-227 0.29  0.29# 0.0002 

Th-228 37 82.3 61.4 0.002 

Th-230 4.9 19.9 12.9 0.003 

Th-232 37 78.4 59.2 0.002 

U-235 0.11 0.26 0.2 0.0004 

U-238 2.4 5.5 4.1 0.002 
#Value adopted from Eneabba Monazite Residue as no value for Wimmera available 
*From Eneabba Monazite evaluation 

 

7.3 Representative Organisms 

 
When selecting representative organisms from the plants and animals inhabiting / using a site, 
consideration should be given to organisms which: 

• live in or pass through the area and utilise the vegetation, soils, water, etc.; 

• have higher potential for exposure to radionuclides due to their behaviours (e.g. burrowing animals 
may penetrate waste areas); 

• have higher sensitivity to ionising radiation (i.e. mammals and other vertebrates are generally more 
radiosensitive than invertebrates); 

• have importance to function and structure of the ecosystem under consideration; 

• have smaller home ranges (generally preferred to those which may range or migrate off site); 

• have special ecological significance, or are threatened or endangered; and 

• are persistent in the ecosystem across the natural range of environmental conditions (e.g. 
drought/flood, summer/winter). 

The conservation significant fauna known to, or having the potential to occur, in the Eneabba mining lease 
area were added to the list of species which could potentially be affected by material contained within or 
around the ERER TSF. Additionally, non-conservation significant species like the kangaroo, emu and 
echidna were added as these are regular visitors to the area. It has to be noted however that the waste 
facility, when in operation, will be flooded (solids kept under water) during the active operation of each cell. 
This will be done mainly to prevent fine gypsum (major phase of waste) dust distributing into the 
surrounding environment. It is therefore not anticipated that plant species would establish on top of active 
waste cells (bar some aquatic plants or algae, dependent on pH conditions), nor for animals to burrow. 
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The time window available between draining the waste cells of excess water (upon reaching capacity) to 
covering the cell, is not foreseen to be excessive, thereby minimising establishment of terrestrial plants or 
burrowing to occur. While operational, the individual waste cells might however pose a risk of drowning to 
animals, and this is considered the largest risk to terrestrial fauna. 

 
7.4 Eneabba Faunal Species 
 
During the current investigation the conservation significant fauna identified for the Eneabba area (as well 
as the Western Grey Kangaroo, Emu and Echidna) were added to the list of species which could potentially 
be affected by material contained within or around the waste facility. Tables 7 and 8 summarises 
geometries and occupancies assumed for the newly added species respectively.  
 

Table 7 – Assumed Geometries for Representative organisms for the Eneabba site  

New Organism 
Wildlife 
Group 

Mass 
Dimensions 

ksi chi Height Width Length 

 kg m m m 

Carnaby’s Black-Cockatoo Bird 0.79 0.077 0.088 0.231 0.38 0.33 

Peregrine Falcon Bird 1.00 0.0819 0.0936 0.2457 0.38 0.33 

Rainbow Bee-eater Bird 0.014 0.026 0.026 0.039 0.67 0.67 

Rufous Fieldwren Bird 0.014 0.026 0.026 0.039 0.67 0.67 

Emu Bird 50.0 0.38 0.36 0.7 0.54 0.51 

Australian Painted Snipe Water Bird 0.125 0.04* 0.04* 0.24 0.17 0.17 

Katydid Cricket Insect 0.000589 0.0075 0.0075 0.02 0.38 0.38 

Native Bee Insect 0.000589 0.0075 0.0075 0.02 0.38 0.38 

Western Grey Kangaroo Mammal 54.0 0.36 0.36 0.76 0.47 0.47 

Brush Wallaby Mammal 8.0 0.19 0.19 0.41 0.46 0.46 

Echidna Mammal 4.5 0.13 0.18 0.37 0.49 0.35 

Ksi (ξ)  and chi (χ) are scaling parameters calculated by ERICA. If the body’s major axis is orientated along the x axis 
 *Assumed 
 
 

Table 8 – Assumed Occupancies for Representative organisms for the Eneabba site  

New Organism 
Wildlife 
Group 

Specimen 

Occupancy 
Height over 
ground (m) In 

Soil 
On 
Soil 

In 
Air 

Water 
surface 

Water Sediment 
surface 

Sediment 

Carnaby’s Black-
Cockatoo 

Bird 
Bird or flying 

insects 
 0.5 0.5 

    
3 

Peregrine Falcon Bird 
Bird or flying 

insects 
 0.2 0.8 

    
10 

Rainbow Bee-eater Bird 
Ground-living 

animal 
 1  

    
 

Rufous Fieldwren Bird 
Ground-living 

animal 
 1  

    
 

Emu Bird 
Ground-living 

animal 
 1  
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Australian Painted 
Snipe 

Water 
Bird 

Bird or flying 
insects 

   0.5* 0.3* 0.2* 
 

3* 

Phasmid-mimic 
Cricket 

Insect 
Ground-living 

animal 
0.5 0.5  

    
 

Native Bee Insect 
Ground-living 

animal 
 1  

    
 

Western Grey 
Kangaroo 

Mammal 
Ground-living 

animal 
 1  

    
 

Brush Wallaby Mammal 
Ground-living 

animal 
 1  

    
 

Echidna Mammal 
Ground-living 

animal 
0.5 0.5  

    
 

*Assumed 

 
It has to be noted however that the ERICA model assumes that all organisms would be present 100% of 
the time within the area being evaluated (i.e. worse-case scenario). The occupancy distribution only divides 
the portion of time (distribution of 100%) that the organism spends ‘In-Soil’; ‘On-Soil’; ‘In-Air’; ‘Water 
surface’; ‘In water’; ‘Sediment surface’; or ‘In sediment’ respectively. 
 
Realistic occupancy factors would need consideration, based on whether the waste ponds would be an 
attractive habitat for faunal species considered. For most of the species evaluated, the waste facilities is 
considered to be an unattractive location. 
 

8. RESULTS  

8.1 Operations and Rehabilitation of Waste Facility 

Appendix 3 summarises the graphical representations of all the modelling results and details conclusions 
on radionuclide-specific contributions to both internal and external dose rate of species. Whole-body dose 
rates were estimated to the various types of organisms potentially resident in the assessment area.  

Occupancy factors 

As the waste facilities will be flooded during the active operation of each cell, it is not anticipated that 
terrestrial plant species would establish on top of active cells, nor for animals to burrow. The time window 
available between draining a cell of excess water (upon reaching capacity) to covering (rehabilitation 
period), is not foreseen to be excessive, thereby minimising establishment of terrestrial plants or burrowing 
to occur. While operational, the individual waste cells might however pose a risk of drowning to animals. 

Further to this, the active waste cells are not likely to present as a desirable habitat for water birds, as they 
won’t be well vegetated, are unlikely to enable crustaceans or molluscs to establish themselves as a food 
source, and will have nearby activity associated with day-to-day operations. In light of this, Table 9 
summarises potential occupancies of individual species within / adjacent to the waste facility while 
operational and Table 10 summarises whole body dose rate at selected occupancies.  Note that maximum 
occupancies would relate to individual members of the species if residing in close proximity to the waste 
facility versus risk to the regional population. 
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Table 9 – Potential occupancy of species within waste facility while operational 

Organisms 
Adopted 

Occupancy % 
Comment 

Terrestrial Organisms 

Bird 5 
Anticipated that all terrestrial birds will spend maximum of 5% close to 

waste facility 

Brush Wallaby 5 
Anticipated that larger terrestrial mammals will spend maximum of 5% 

close to waste facility 

Carnaby's Black Cockatoo 5 
Anticipated that all terrestrial birds will spend maximum of 5% close to 

waste facility 

Echidna 5 
Anticipated that larger terrestrial mammals will spend maximum of 5% 

close to waste facility 

Emu 5 
Anticipated that all terrestrial birds will spend maximum of 5% close to 

waste facility 

Flying insects 20 
Anticipated flying insects will spend maximum of 20% close to waste 

facility (considering dragonfly) 

Grasses & Herbs 0 
Grass would not grow in gypsum material. The ionic constituents of the 

leach water (Ca and SO4) would not allow seeds to germinate.  

Kangaroo 5 
Anticipated that larger terrestrial mammals will spend maximum of 5% 

close to waste facility 

Katydid Cricket* 50 Due to smaller range of ‘ground’ insects, anticipated 50% occupancy 

Lichen & Bryophytes 0 Unlikely that L & B would establish within gypsum material.  

Mammal - large 5 
Anticipated that larger terrestrial mammals will spend maximum of 5% 

close to waste facility 

Mammal - small-burrowing 20 
Anticipated small burrowing mammals will spend 20% close to waste 

facility (water edge) 

Native Bee 5 Anticipated bees will spend maximum of 5% close to waste facility 

Perigrine Falcon 5 Anticipated that all terrestrial birds will spend maximum of 5% close to 
waste facility Rainbow Bee-eater 5 

Reptile 50 
Anticipated that terrestrial reptiles might spend maximum of 50% close to 

waste facility 

Rufous Fieldwren 5 
Anticipated that all terrestrial birds will spend maximum of 5% close to 

waste facility 

Shrub 0 It is not foreseen that shrubs or trees will establish inside active waste 
cells, nor adjacent. Establishment of trees will actively be prevented due 

to geotechnical concerns of roots within facility  Tree 0 

Aquatic Organisms 

Bird 30 
Based on Duck / water birds sub-dividing occupancy across available 

water resources 

Amphibian 50 Anticipated that frogs might spend 50% at waste facility 

Benthic fish 0 
Unlikely that fish will establish in operational cells. The ionic constituents 

of the leach water (Ca and SO4) would not be a suitable habitat 

Crustacean 0 
Unlikely that crustaceans will establish in operational cells. The ionic 
constituents of the leach water (Ca and SO4) would not be a suitable 

habitat 

Insect larvae 100 Probable to occur near waste facility 

Mollusc - bivalve 0 Unlikely that molluscs will establish in operational cells. The ionic 
constituents of the leach water (Ca and SO4) would not be a suitable 

habitat Mollusc - gastropod 0 

Pelagic fish 0 
Unlikely that fish will establish in operational cells. The ionic constituents 

of the leach water (Ca and SO4) would not be a suitable habitat 

Phytoplankton 100 Possible, but unlikely that water flora might establish in operational cells, 
but dependent on pH; salinity etc. These species to not currently exist at 
the site and the occupancies selected therefore assume colonisation of 

TSF cells during operation. Post operation, these species would 
disappear again. 

Vascular plant 100 

Zooplankton 100 

Australian Painted Snipe 30 
Based on water birds sub-dividing occupancy across available water 

resources 

 



 

 23 
  

It has to be noted that zooplankton, phytoplankton, and aquatic vascular plants do not currently exist at the 
site. The ARPANSA 2015 guide does advise that “where long half-life radionuclides are included in the source 
term, a long-term assessment of radionuclide transfer should be considered” (ARPANSA 2015).  
 

Table 10 – Whole body dose rate at adopted occupancies  

Organisms 

Total Dose Rate (µGy/h) 

Eneabba  Wimmera Wimmera & Eneabba 

Adopted 
Occupancy 

Adopted 
Occupancy 

Adopted Occupancy 

Terrestrial Organisms 

Bird 2.1 5.3 3.8 

Brush Wallaby 2.1 4.0 3.1 

Carnaby's Black Cockatoo 2.0 5.1 3.7 

Echidna 190 8.3 6.2 

Emu 1.8 4.6 3.3 

Flying insects 16.6 40.0 29.2 

Grasses & Herbs 0 0 0 

Kangaroo 10.4 19.2 15.1 

Katydid Cricket* 41.9 101 73.6 

Lichen & Bryophytes 0 0 0 

Mammal - large 2.9 6.4 4.8 

Mammal - small-burrowing 18.7 41.4 30.8 

Native Bee 4.2 10 7.4 

Perigrine Falcon 1.9 4.9 3.5 

Rainbow Bee-eater 2.1 5.2 3.8 

Reptile 56.6 124 93 

Rufous Fieldwren 2.1 5.2 3.8 

Shrub 0 0 0 

Tree 0 0 0 

Aquatic Organisms 

Bird 6.7 9.8 8.4 

Amphibian 11.0 16.2 13.9 

Benthic fish 0 0 0 

Crustacean 0 0 0 

Insect larvae 1079.6 1805.2 1473.8 

Mollusc - bivalve 0 0 0 
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Mollusc - gastropod 0 0 0 

Pelagic fish 0 0 0 

Phytoplankton 19.0 27.1 23.4 

Vascular plant 98.7 151.6 127.1 

Zooplankton 1003.0 1633.7 1346.2 

Australian Painted Snipe 8.2 13.3 11.0 

Bird 6.7 9.8 8.4 

 

To note is that for small burrowing animals, the modelling results represent burrowing to penetrate into the 
wastes directly. These results are therefore overly conservative for the operational period of the waste 
facility as burrowing may only occur in proximity to the water edge. Modelled dose rates for small burrowing 
animals would therefore be more representative of the advanced part of the rehabilitation period when the 
waste will be consolidated and be dried out.  

Zooplankton, phytoplankton, and aquatic vascular plant populations do not currently exist at the site and 
establishment would require colonisation despite saline and ephemeral water conditions. Post operations, 
upon draining TSF cells for rehabilitation, these species would disappear again. The impact that radiation 
dose would have if such populations were to establish, is therefore a moot point. 

 

 

8.2 Environmental Reference Levels (ERLs) 

Review and analysis of the radiation effects literature has been conducted internationally to derive 
exposure levels below which there is not expected to be significant population level effects for a range of 
organism types. These derived values are helpful in guiding the selection of environmental reference 
values for use in assessments. Table 11 summarises some information on effects at different dose rates 
in the environment that can guide discussions on environmental reference levels (ERLs). The examples 
are for broad groups of wildlife in the terrestrial and aquatic environment, and derived consideration 
reference levels (DCRLs) for Reference Animals and Plants (RAPs). The DCRLs identify a band of dose 
rates where a decision-maker may need to consider the potential for deleterious effects of radiation in a 
single member of a particular species, although further considerations might be needed in order to take a 
fully informed decision. Where the reference organism is sufficiently similar to one of the RAPs, the 
corresponding DCRL for that RAP could be used as the environmental reference level (ERL) value; in 
other cases other values (such as those discussed by IAEA or UNSCEAR, see Table 11) would be 
appropriate16.   
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Table 11 - Summary of derived effects levels (μGy h-1) below which population level effects are not expected 
to occur. Different values have been derived for similar organisms due to the use of alternative data and/or 
application of differing levels of precaution. Note that (except where otherwise indicated) IAEA and UNSCEAR values 
refer to population effects, whereas ICRP give dose rate bands where effects may occur to individuals of that type of 
RAP  

Organism 
IAEA (1992) 

Population Effect 
UNSCEAR (1996, 2011) 

Population Effect 
ICRP (2008) 

Individual Effect 

Terrestrial 

Plants 400 100**  

Reference Pine Tree*   4-40 

Reference Wild Grass   40-400 

Animals 40 40-100**  

Reference Bee   400-4000 

Reference Earthworm   400-4000 

Reference Duck   4-40 

Reference Deer (Large Mammals)   4-40 

Reference Rat (Small Mammals – 
burrowing) 

 
 4-40 

Aquatic 

Freshwater Organisms 400 400  

Reference Frog   40-400 

Reference Trout   40-400 

Marine 

Marine Organisms  400  

Reference Crab   400-4000 

Reference Flatfish   40-400 

Reference Brown Seaweed  
 40-400 

400-4000 (ICRP 2009) 

 *Reference organism type’ refers to the ICRP’s Reference Animals and Plants (RAPs).  

**Most highly exposed individuals. 

8.3 Assessing effects against Environmental Reference Levels (ERLs) 

 
For the purpose of an environmental impact assessment, the relative risks of radiation and other pollutants 
or disturbances should be characterised and compared, with radiation treated similarly to a range of 
‘conventional’ hazards (earth moving, land disturbance, creek diversion, chemicals usage, etc.), and with 
due consideration to protection of both people and the environment. Although exposures should be 
mitigated, some level of exposure does not necessarily prevent a facility or operation being approved. It is 
important that, when assessing the radiological impact on the environment, the protection of the 
environment as a whole remains the key aim. 

DCRLs (ICRP defined) refers to individual organisms, while ERLs refer to population effects (IAEA and 
UNSCEAR). The current investigation therefore followed the ARPANSA Guide by comparing dose results 
with standard benchmarks (ERLs) to demonstrate protection of the environment as a whole. 

The preliminary DCRLs and ERLs are:  

• DCRL: 0.1-1 mGy/d (Deer, Rat, Duck and Pine Tree) – 4.2 to 41.7 µGy/h; ERL Terrestrial Animals: 
40 to 100 µGy/h; ERL Terrestrial Plants: 100 – 400 µGy/h 

• DCRL: 1-10 mGy/d (Frog, Trout, Flatfish and Wild Grass) – 41.7 to 417 µGy/h; ERL Aquatic 
Organisms: 400 µGy/h 

• DCRL: 10-100 mGy/d (Bee, Crab, Earthworm and Brown Seaweed) (ICRP, 2009) – 417 to 4167 
µGy/h; ERL Marine Organisms: 400 µGy/h 

It is noted that these values are not intended to be regarded as dose limits, or ‘substitute’ values, but rather 
intended as zones of absorbed dose rates at which, with respect to the RAPs, or similar types of animals 
and plants, a more considerate level of evaluation of the situation would be warranted. Furthermore, it 
does not imply that higher dose rates would be environmentally damaging, nor that lower dose rates are 
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in some way ‘safe’ or non-damaging. DCRLs and ERLs are intended to provide a starting point upon which 
management decisions and judgement to do with optimising radiological protection of the environment 
could be made.   

As indicated in Figure 3, DCRLs for vertebrates (e.g. mammal, birds and higher plants) are lower than 
amphibians and fish; which are in turn lower than insects and marine species. This relates to vertebrates 
being most sensitive organisms. ERLs were also included in Figure 3 for comparison to DCRLs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Preliminary DCRLs (ICRP, 2009) 

 

ICRP DCRLs for all organisms are detailed in Appendix 2. Tables 12 and 13 summarise modelled dose 
rates; DCRLs; ERLs and observed effects ranges per terrestrial and aquatic organisms respectively.  

  

ERL Terrestrial Animals 

ERL Terrestrial Plants 

ERL Aquatic Animals ERL Marine Organisms 
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Table 12 – Modelled dose rate for Terrestrial organisms as compared to DCRL, ERL and Effects Data (Operational & Rehabilitation Phase) 

Organism 

Wimmera Total 
Dose Rate (µGy/h) 

at Adopted 
Occupancy 

ICRP 2009 
ICRP 108 – Dose ranges where effects were 

noticed ERL (where 
available) 

Adopted Occupancy potential 
harm DCRL 

(uGy/h) 
Notes 

Effects 
range 

Effects per organism group 

Bird 5.3 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h 

Brush Wallaby 4 4 to 40 
Assume similar to 
large mammals 

40 to 400 
Potential reduction in 

reproductive success - sterility in 
males 

Terrestrial Animals: 40 
to 100 

Below screening level 10 µGy/h 

Carnaby's 
Black Cockatoo 

5.1 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h 

Echidna 8.3 4 to 40 
Assume similar to 
small burrowing 

mammals 
40 to 400 

Potential reduction in 
reproductive success - sterility in 

males & females 

Terrestrial Animals: 40 
to 100 

Below screening level 10 µGy/h 

Emu 4.6 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h  

Flying insects 40 400 to 4000   
400 to 
4000 

> 4000 µGy/h potential reduction 
in reproductive success 

 Below DCRL 

Grasses & 
Herbs 

0 40 to 400 No info at this level 
400 to 
4000 

Reduced reproductive success 
Terrestrial Plants: 100 

to 400 
N/A 

Kangaroo 19.2 4 to 40   40 to 400 
Potential reduction in 

reproductive success - sterility in 
males 

Terrestrial Animals: 40 
to 100 

Below ERL and Below effects range 

Katydid Cricket 100.8 400 to 4000 

Ground living / 
burrowing; could be 

similar to flying insects 
or small mammals 

400 to 
4000 

> 4000 µGy/h potential reduction 
in reproductive success if similar 
to flying insect; Small mammals 

effects start 40 µGy/h 

 Below DCRL 

Lichen & 
Bryophytes 

0 40 to 400 
Either similar to grass 

or seaweed 
400 to 
4000 

Reduced reproductive success (if 
similar to wild grass) as well as 

Sea Weed in same range 

Terrestrial Plants: 100 
to 400 

N/A 

Mammal - large 6.4 4 to 40   40 to 400 
Potential reduction in 

reproductive success - sterility in 
males 

Terrestrial Animals: 40 
to 100 

Below screening level 10 µGy/h  

Mammal - 
small-

burrowing 
41.4 4 to 40   40 to 400 

Potential reduction in 
reproductive success - sterility in 

males & females 

Terrestrial Animals: 40 
to 100 

Bottom value of effect range and 
ERL 

Native Bee 10.1 400 to 4000   
400 to 
4000 

> 4000 µGy/h potential reduction 
in reproductive success 

 Below DCRL 
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Perigrine 
Falcon 

4.9 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h  

Rainbow Bee-
eater 

5.2 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h 

Reptile 124 40 to 400 

No specific data for 
reptiles: assume 

similar to amphibian or 
small burrowing animal 

40 to 400 

Potential reduction in 
reproductive success - sterility in 

males & females (small 
burrowing animal); no data for 
frogs in this range. If similar to 

frogs; dose < effects range 

 
Within effects range (based on 

DCRL single animal). No ERL for 
population effect 

Rufous 
Fieldwren 

5.2 4 to 40   40 to 400 
Potential reduction in 

reproductive success > 40 µGy/h 
- reduced hatchling viability 

 Below screening level 10 µGy/h 

Shrub 0 40 to 400 No info at this level 
400 to 
4000 

Reduced reproductive success 
Terrestrial Plants: 100 

to 400 
N/A 

Tree 0 4 to 40 No info at this level 40 to 400 

Morbidity as anatomical and 
morphological damage. 

Prolonged exposure lead to 
reduction in reproductive success 

Terrestrial Plants: 100 
to 400 

N/A 

 

Table 13 – Modelled dose rates for Freshwater (aquatic) organisms as compared to DCRL, ERL and Effects Data (Operational) 

Organism 

Wimmera Total 
Dose Rate (µGy/h) 

at Adopted 
Occupancy 

ICRP 2009 ICRP 108 – Dose ranges where effects were noticed 
ERL (where 
available) 

Adopted Occupancy potential 
harm DCRL 

(uGy/h) 
Notes 

Effects 
range 

Effects per organism group 

Bird 9.8 4 to 40   40 to 400 
Potential reduction in reproductive 

success > 40 µGy/h - reduced hatchling 
viability 

 Below screening level 

Amphibian 16.2 40 to 400   400 to 4000 
No positive effects information. > 4000 
µGy/h - Mortality in eggs [LD 50/40 0.6 

Gy] 

Aquatic Organisms: 
400 

Below DCRL; Below ERL 

Benthic fish 0 40 to 400 "Flatfish" 40 to 400 
Possible reduced reproductive success 

due to reduced fertility in males 
Aquatic Organisms: 

400 
N/A 

Crustacean 0 400 to 4000 
Assume 

Invertebrates 
"Crab" 

400 to 4000 
No information at DCRL. > 4000 µGy/h 
Probable effects on growth rates and 

reproductive success 

Aquatic Organisms: 
400 

N/A 

Insect larvae 1805.2 400 to 4000 
Assume 

Invertebrates 
"Bee" 

400 to 4000 
Little information available. > 4000 

µGy/h Possible reduced reproductive 
 

Within DCRL & potential “effects 
range” (single larvae). Observed 
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success due to effects on gonads and 
pupal mortality 

effects > 4000 µGy/h (below this 
value) No ERL 

Mollusc - 
bivalve 

0 400 to 4000 
Assume 

Invertebrates 
"Crab" 

400 to 4000 
No information at DCRL. > 4167 µGy/h 
Probable effects on growth rates and 

reproductive success 

Aquatic Organisms: 
400 

N/A 

Mollusc - 
gastropod 

0 400 to 4000 
Assume 

Invertebrates 
"Crab" 

400 to 4000 
No information at DCRL. > 4167 µGy/h 
Probable effects on growth rates and 

reproductive success 

Aquatic Organisms: 
400 

N/A 

Pelagic fish 0 40 to 400  40 to 400 Possible reduced reproductive success  
Aquatic Organisms: 

400 
N/A 

Phytoplankton 27.1 40 to 400 
If "Wild Grass" 

assumed 
400 to 4000 

Reduced reproductive success (if 
similar to wild grass) as well as Sea 

Weed in same range 

Aquatic Organisms: 
400 

Below “effects range” (single 
organism). Below ERL 

Vascular plant 151.6 40 to 400 
If "Wild Grass" 

assumed 
400 to 4000 

Reduced reproductive success (if 
similar to wild grass) as well as Sea 

Weed in same range 

Aquatic Organisms: 
400 

Below “effects range” (single 
organism). Below ERL 

Zooplankton 1633.7 40 to 400 
If "Wild Grass" 

assumed 
400 to 4000 

Reduced reproductive success (if 
similar to wild grass) as well as Sea 

Weed in same range 

Aquatic Organisms: 
400 

Within effects range (based on 
DCRL single organism). Above 

ERL 

Australian 
Painted Snipe 

13.3 4 to 40   40 to 400 
Potential reduction in reproductive 

success > 40 µGy/h - reduced hatchling 
viability 

 Below effects range 

 
 
 
Modelled dose rate for terrestrial reptiles are within “effects range” (based on DCRL single animal). For terrestrial reptiles, no ERL for population effect is specified. 
 
The dose rate modelled for Zooplankton is shown to be within the effects dose range and above the ERL, with potential reduced reproductive success, both when 
assumed similar to wild grass or similar to Seaweed. It has to be noted however that zooplankton, phytoplankton, and aquatic vascular plants do not currently 
exist at the site. Modelling of these was only included to evaluate the unlikely scenario in which these organisms would colonise the TSF while in operation. Upon 
closure of TSF cells, these organisms would disappear. The ARPANSA 2015 guide does advise that “where long half-life radionuclides are included in the source 
term, a long-term assessment of radionuclide transfer should be considered” (ARPANSA 2015).  

No actual effects data are recorded for Insect Larvae. If assumed similar to ‘Invertebrate Bee’, little information is available at lower dose ranges and measured 
effects are only at > 4000 µGy/. The modelled dose rate for Insect Larvae is midway within the DCRL range for ‘Invertebrate Bee’, but below 4000 µGy/h. No 
ERL is specified for population effect. 
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8.4 Human Doses - Bush Tucker Consumption (during operations and rehabilitation period) 

 

An estimate of the potential dose from the ingestion of bush tucker has been made for members of the 
public living in the region and consuming bush tucker that has biologically accumulated radionuclides from 
the ERER TSF.  
 
Ingestion doses for members of the public have been calculated based on the conservative assumption 
that all food consumed is sourced from the immediate area of the waste disposal facility during operations 
and rehabilitation phase when individual biota would have maximum potential exposure. This scenario is 
highly unlikely to occur as it assumes site access during the operational phase, which is not a plausible 
scenario. It was however included as a hypothetical limiting case for the purposes of comparing dose rates.  
In practice, the larger Eneabba area is a nature reserve and the waste facility would be under active Iluka 
control during the operational and rehabilitation phase. It is therefore highly unlikely that all bush tucker 
consumed will be from the site and levels in biota post closure are significantly lower (see below). If for 
whatever reason this were to occur, it would be unlikely that all food consumed by an individual is 
generated solely in the vicinity of the waste facility, so this provides a conservative estimate of ingestion 
doses. Actual wastes as indicated previously would also be a blend between Eneabba; Wimmera; and 
third party materials (i.e. lower activity). 
 
The assessment method assumes that bush tucker animals and plants would accumulate radionuclides 
as per ERICA modelling. Exposure to people occurs when the plants and animals are consumed. The 
assessment only considers the project originated radionuclides. There are four main factors to consider 
when making an ingestion dose assessment: concentration factors from food into humans; food 
consumption rates; concentration factors from waste materials into foods; and radionuclide concentrations 
present in the waste as source of exposure.  
 
In the absence of site specific data for Eneabba on bush tucker collection, guidance was taken from: 
Radiation Consulting Australia – Iluka Atacama Environmental Radiation Impact Assessment December 
2019[30].  

Consumption estimates have been used and a factor has been applied for likely bush tucker consumption 
rates that will occur. ERICA derived radionuclide concentrations (based on bioaccumulation in or close to 
the waste facility) given in Table 14 for the kangaroo and reptile have been used to estimate human doses 
due to meat ingestion. 

Table 14 – ERICA outputs for activity concentrations in the kangaroo and the reptile (Operational 
and Rehabilitation) 

Isotope 

Activity Concentration in Organism Bq/g as accumulated 
from ERER waste containing Wimmera waste 

Kangaroo* Reptile** 

Pa-231 0.029 0.287 

Pb-210 0.015 0.274 

Po-210 0.400 0.483 

Ra-226 0.028 0.230 

Ra-228 0.190 1.562 

Th-227 0.00001 0.0003 

Th-228 0.003 0.089 

Th-230 0.001 0.022 

Th-232 0.003 0.085 

U-235 0.0001 0.001 

U-238 0.002 0.014 
*Kangaroo occupancy of 5% 
**Reptile occupancy of 50% 
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There is no readily available published data for Australian vegetation; however published factors are available 
in IAEA 2010 and the Compendium of Transfer Factors (DoE, 2003). For this assessment, the uptake factors 
used are presented in Table 15. 

Table 15 – Elemental uptake values for vegetation 

Nuclide 

Vegetation* uptake Bq/kg plant / Bq/kg waste 

Non Leafy (IAEA 2010) Leafy (IAEA 2010) Root (DoE 2003) 
 

Pa-231 0.00036 0.00047 0.00035  

Pb-210 0.015 0.08 0.006  

Po-210 0.00019 0.0074 0.007  

Ra-226 0.061 0.091 0.002  

Ra-228 0.061 0.091 0.002  

Th-227 0.0022 0.0012 0.00033  

Th-228 0.0022 0.0012 0.00033  

Th-230 0.0022 0.0012 0.00033  

Th-232 0.0022 0.0012 0.00033  

U-235 0.053 0.02 0.012  

U-238 0.053 0.02 0.012  

*The concentration ratio figures are quoted as ‘dry weight’. To apply the ratios to live plant matter, a factor needs to be applied which 
converts the dry weight to a wet weight. For this assessment it has been conservatively assumed that the wet weight is four times the 
dry weight. The wet weight ranges from 4 or 5 times higher for the vegetation described, so the number used is conservative. 

 
The following assumptions have been made:  

• It is assumed that locally sourced bush tucker (from the immediate area surrounding the waste facility) 
makes up 1 kg/y from vegetation, and local meat ingestion is estimated to be 0.775 kg/y based on 
AAEC data).  

• The annual bush tucker consumption estimates for this assessment are therefore:  
o 0.7 kg of kangaroo  
o 0.075 kg of goanna  
o 0.2 kg of root vegetables  
o 0.6 kg of non-leafy vegetables  
o 0.2 kg of leafy vegetables  

 
Doses calculated for each food type, as detailed in Table 16.  

Table 16: Total maximum doses from ingestion of ERER Wimmera waste derived radionuclides 
contained in bush tucker (waste facility operational and rehabilitation) 

Food Dose (mSv/y) 

Kangaroo 0.46 

Reptile 0.16 

Non-Leafy Vegetables 0.05 

Leafy Vegetables 0.28 

Root Vegetables 0.01 

Total 0.96 

Doses from ingestion of bush tucker from the ERER TSF (containing the highest waste radionuclide 
concentrations, i.e. Wimmera waste) are therefore expected to be less than the public dose assessment limit 
of 1 mSv/y. It has conservatively been assumed that all plant and meat sources has accumulated radionuclides 
to the same concentration by continual proximity to the facility (in reality, while some kangaroos and reptiles 
will spend time at the waste facility and surrounding areas, there will be others that will spend time in the 
surrounding area containing much lower concentrations of radionuclides).  
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8.5 Post Closure Exposure to Surface Biota 

In post-closure conditions (e.g. wastes buried beneath a ~6m cover) the main pathway of concern is radon 
emanating through the cover to the surface where it may be inhaled by a receptor (e.g. burrowing animal). The 
ERICA model is not suited to simulate such radon exposure scenarios, especially where an un-contaminated 
cover layer has been constructed on top of the waste material. Not only would organisms be further removed 
from the waste material itself in this scenario, but the cover would also shield radiation dose to environmental 
receptors.  

RESRAD (onsite - human based) modelling has therefore been used to simulate the cover: the Wood cover 
design shows a variance in capping thickness between 4 to 9 m above the waste (contaminated) zone, with 
an average of 6 m cover. For a 6 m cover, only external gamma and radon emanation through the cover is 
relevant for biota directly on top of the cover material (ground dwelling animals) as well as at a depth of 0.5 m 
into the cover (burrowing and plant roots). It has to be noted that the RESRAD model provides dose rates to 
human receptors from different pathways of exposure. For whole body human dose from external gamma, a 
height of 1 m above the ground surface is therefore assumed (critical organs in humans) and for radon, a height 
of 1.5 m above ground surface is assumed (human breathing zone). To estimate exposure at the surface of 
the cover, cover thickness was thereby reduced by 1 m for gamma and by 1.5 m for radon calculations, i.e. to 
place the critical organs (gamma exposure) and breathing zone (radon) at surface respectively. To simulate 
burrowing and plant root locations, another 0.5 m was subtracted for cover thickness from both these 
approaches. 

Though the RESRAD model does not provide the gamma and radon concentrations at these locations (only 
human dose), it is still considered an indicator of whether there is sufficient levels to pose a risk to non-human 
species. Table 17 summarises the RESRAD results (human dose) at the selected cover depths. 

Table 17: RESRAD results at various depths of cover 

Pathway; Description; and Cover Depth 
Dose (mSv/y) 

at Year 0 
Dose (mSv/y) at 

1000 Years 

Surface Gamma Dose (Placing human critical organs on 
surface of cover => Cover thickness of 5m simulated) 

1.49 x 10-21 6.5 x 10-21 

Surface Radon Dose (Placing human breathing zone on 
surface of cover => Cover thickness of 4.5m simulated) 

6.03 x 10-5 1.12 x 10-4 

Burrowing Gamma Dose (Placing human critical organs 0.5 m 
below surface of cover => Cover thickness of 4.5m simulated) 

2.96 x 10-19 1.30 x 10-17 

Burrowing Radon Dose (Placing human breathing zone 0.5 m 
below surface of cover => Cover thickness of 4m simulated) 

1.00 x 10-4 1.87 x 10-4 

From the RESRAD results it is shown that modelled human dose rates are extremely low for radon and 
negligible for gamma at these scenarios. It is therefore concluded that gamma and radon penetrating the cover 
at these depths are negligible and would therefore also be negligible for non-human biota. 

9. CONCLUSIONS AND RECOMMENDATIONS 

There has been increasing awareness of the potential vulnerability of other organisms within the environment 
and the need to be able to demonstrate that they are protected against the effects of industrial pollutants, 
including radionuclides. Following the publication of the ARPANSA Fundamentals for Protection of Ionising 
Radiation (2014) and ARPANSA Radiation Protection of the Environment, Radiation Protection Series, Guide 
G-1 (2015), the Australian system now includes guidance for demonstrating this protection. 
 

The ERICA tool combines a database and software system structured on the ERICA Integrated Approach, 
following a three-tiered system comprising generic screening (Tier 1); site-specific (Tier 2 & 3); and probabilistic 
analysis (Tier 3). In the current evaluation, Tier 2 terrestrial and aquatic (fresh water) assessments of the ERER 
TSF have been conducted, as these facilities would contain the majority of radionuclides originating from the 
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ERER operations. To quantify the risk, ERICA has been used to calculate the effective radiation dose rate to 
representative fauna and flora. The calculated dose rate is then compared to a screening dose rate of 10 

Gy/h.   

Operational and Rehabilitation Phase: From the modelling it was indicated that occupancy (i.e. habitat 
attractiveness) will determine whether organisms are likely to be exposed to radiation levels with the potential 
of harm to individual members of a species or populations as a whole during the operational or rehabilitation 
phase of the waste disposal facility. Even while assigning a generously conservative level of occupancy, most 
species will not reach a dose level within the effects range. Organisms with predicted dose rates within or 
above benchmarks were primarily Reptiles (within effects range based on individual organism), Insect Larvae 
(still below observed effects for individual organism) and Zooplankton. It has to be noted however that 
zooplankton populations do not currently exist at the site and establishment would require colonisation despite 
saline and ephemeral water conditions. Post operations, upon draining TSF cells for rehabilitation, these 
species would disappear again. The impact that radiation dose would have if such populations were to 
establish, is therefore a moot point. 
 
The modelling further demonstrated that the internal dose rate (ingestion/inhalation) component is the main 
contributor to total dose - although this assumes ingestion of water that has elevated sulphate (approximately 
700 mg/L sulphate versus typical tolerance of 250 mg/L due to purgative effects). Monitoring and efforts should 
therefore be directed towards discouraging any potential biota occupancy within waste disposal cells and 
mitigating pathways of exposure which could give rise to ingestion; inhalation and adsorption of radionuclides 
(i.e. direct contact with material). If such potential pathways are eliminated or reduced, risk of harm to non-
human biota would substantially decrease. 
 

The modelling has been conducted on waste originating from Eneabba monazite (EP2 product) as feed to 
ERER; Wimmera concentrate as feed; as well as combined Eneabba and Wimmera feed. Conclusions on 
protection of individual species and population effects were made from exposure to Wimmera waste to be most 
conservative, as this waste would represent the highest radionuclide concentrations.  Third party feed blends 
are all indicated as being an order of magnitude lower in activity concentrations than either Wimmera or 
Eneabba concentrates and would hence have a large "dilution" effect on radionuclide concentrations in feeds 
as well as wastes from the ERER. Though not yet defined for third party blends, the wastes originating from 
such blends would therefore also have a large dilution of radionuclide concentrations, with subsequent 
reduction of risk to environmental organisms.  

The waste cells will be under water or moist during active operation which will prevent fine gypsum dust from 
distributing into the surrounding environment, thereby reducing the pathway of inhalation exposure. Gypsum 
dominated tailings facilities at other sites typically form crusts by wetting / drying cycles, thereby naturally 
reducing dust liberation.  It is further not anticipated that terrestrial plant species would establish on top of 
active cells, nor for animals to burrow during operation. The temporary and shifting nature of ponded water 
within the waste facility is considered to be an unattractive source of water (salinity, elevated sulfate), with the 
establishment of aquatic plants, invertebrate, and/or fish communities not expected. Therefore, ponded water 
would not provide sufficient breeding or foraging habitat to support resident water bird populations. Additionally, 
higher quality aquatic habitat exists in the area (i.e. the Lake Logue-Indoon System, which includes Lake 
Indoon (a smaller semi-permanent brackish lake), smaller shallow ephemeral wetlands, intermittent creeks and 
drainage lines, located approximately 13 km west-southwest of Eneabba) and would be expected to have a 
much higher usage by water birds. It would be most likely that water birds would only use the waste facility as 
a temporary resting area and exposure would be limited. 
 
The time window when wastes have fully consolidated and dried (after draining waste cells of excess water 
upon reaching capacity), to covering the cell, is not foreseen to be excessive (advanced part of rehabilitation 
period), thereby minimising establishment of plants or burrowing to occur (i.e. direct contact with material). 
While operational, the individual waste cells might however pose a risk of drowning (considered the biggest 
risk) to terrestrial animals.  
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It is important that, when assessing the radiological impact on the environment, the protection of the 
environment as a whole remains the key aim. A derived concentration reference level (DCRL) is considered 
as a band of dose rate within which there is likely to be some chance of deleterious effects of ionising radiation 
occurring to individuals of that type of organism. Environmental Reference Levels (ERLs) refer to population 
effects. The current investigation therefore followed the ARPANSA Guide by comparing dose results with 
standard benchmarks (ERLs) to demonstrate protection of the environment as a whole. 
 
Given that the DCRLs were not exceeded for all organism types (with the exception of reptiles; insect larvae; 
and zooplankton), the results generally indicate population protection even for waste predicted to contain the 
highest radionuclide activity concentrations (Wimmera). Also, because the analysis indicated dose rates would 
potentially fall within the DCRL ranges for many organism types, and given the inherent analysis uncertainties, 
the following actions are recommended: 

  
• Containment of tailings: fencing off waste cells while in operation, as well as during rehabilitation. 

Establishment of such fences / barriers should be aimed to prevent access of fauna to the extent possible, 
both to mitigate radiological exposure, as well as to reduce the risk of drowning. 

• Minimise pathways of inhalation: minimising the time between individual waste cell drainage and covering 
for rehabilitation - this would minimise fine gypsum dust from being blown into the surrounding 
environment, as well as the available time window for establishment of terrestrial flora or burrowing to 
occur. Investigate additional dust suppression measures during this time window. 

• Waste facility capping design should consider sufficient depth of cover for protection of non-human biota 
in the long term, both shielding direct exposure and protection during burrowing. 

• Monitoring: periodic monitoring of organism occupancies within the TSF area and revisiting the 
environmental dose assessment in future. 

 
Lining of waste disposal facilities with multiple layers of control during operations and post-closure to eliminate 
groundwater contamination and related pathways of exposure to the surrounding biosphere (both for 
operational and post-closure phases), is also an inherent measure in the design.   

 

Human Dose – Bush Tucker Consumption: Doses from ingestion of bush tucker from the ERER TSF were 
below than the public dose limit of 1 mSv/y and not considered a potential risk. This scenario is highly unlikely 
to occur as it assumes site access during the operational phase, which is not a plausible scenario. It was 
however included as a hypothetical limiting case for the purposes of comparing dose rates. Levels from post 
closure consumption will be significantly lower due to distance and shielding provided by the cover.   

 

Post Closure Phase: From RESRAD based modelling it was shown that dose rates based on adjusted 
potential human exposures are extremely low for radon and negligible for gamma both directly on surface of 
cover material (ground dwelling organisms) as well as at 0.5 m below surface of cover material (burrowing 
animals and plants). Values were at least 1,000 fold below dose criteria (based on humans).  It is therefore 
concluded that gamma and radon penetrating the cover at these depths are negligible and would therefore 
also be negligible for non-human biota. 
 
 

10. DEFINITIONS 

Chronic – Occurring or recurring over a substantial time period in the context of the effects being observed. 

Contamination – Releases to the wider environment of chemicals, including radionuclides, from human 
activities. 

DCRL (Derived Consideration Reference Levels) – In ICRP term which is conceptually equivalent to 
environmental reference values. 
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ICRP - International Commission on Radiological Protection. 

IAEA – International Atomic Energy Agency. 

UNSCEAR – United Nations Scientific Committee on the Effects of Atomic Radiation. 

Absorbed Dose – The energy deposited within any material by the passage through it of ionising radiation 
(Grays: 1 Gy = 1 joule / kg) 

Effective Dose – the energy deposited within the human body by the passage through it of ionising radiation 
which also takes into account the relative biological effectiveness of different radiation types (alpha, beta, 
gamma) and the sensitivity of different tissue types to radiation damage (Sievert: 1 Sv = 1 joule / kg x radiation 
weighting factor x tissue weighting factor). 

Derived consideration reference level  – a band of dose rate within which there is likely to be some chance 
of deleterious effects of ionising radiation occurring to individuals of that type of reference animal of plant 
(derived from a knowledge of defined expected biological effects for that type of organism) that, when 
considered together with other relevant information, can be used as a point of reference to optimise the level 
of effort expected on environmental protection, dependent upon the overall management objectives and the 
relevant exposure situation. 

Dose conversion coefficients (DCCs) – factors used to relate radionuclide activity concentrations in soil or 
water to external doses of exposed organisms, and concentration in the organism to internal doses. A value 
that enables the dose to an organism to be calculated on the assumption of a uniform distribution of a 

radionuclide within or external to the organism, assuming simplified dosimetry, in terms of (Gy/day)/(Bq/kg). 

Dose Rate – the average level of dose that any material or biota is exposed to over time (typically measured 
in mGy/h). 

Emergency Exposure Situation – an unexpected situation of exposure that arises as a result of an accident, 
a malicious act, or any other unexpected event that requires prompt action in order to avoid or to reduce 
adverse consequences. 

Existing Exposure Situation – a situation of exposure that already exists when a decision regarding the need 
for control is required, including prolonged exposure situations after emergencies. 

Modelling – the estimation of environmental media concentrations and / or does or doe rate using equations 
to emulate natural processes. As far as possible, extant data are used to parameterise the equations but 
assumptions need to be made where adequate data do not exist. 

Reference organism – an entity that provides a basis for the estimation of radiation dose rate to any living 
organism that is typical, or representative, of an impacted environment. 

Screening level – the absorbed dose rate to an organism above which further considerations or investigations 
are warranted. 

Taxonomy – the branch of science concerned with classification, especially of organisms. 

RAPs (Reference Animals and Plants) – a hypothetical entity, with the assumed basic biological 
characteristics of a particular type of animal or plant, as described to the generality of the taxonomic level of 
family, with defined anatomical, physiological, and life history properties, that can be used for the purpose of 
relating exposure to dose, and dose to effect, for that type of living organism. 

ERICA – Environmental Risk from Ionising Contaminants Assessment 

RQ – Risk quotients 
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EMCL - environmental media concentration limits 

CR – Concentration Ratios 
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Appendix 1 – Species of conservation significance at Eneabba  
 

 

Species Description 

Conservation Significance Occurrence 
in the 

Proposal area 
EPBC 
Act1 

WC 
Act2 

DPaW
3 

Othe
r4 

Reptiles 

Woma 

(Aspidites 
ramsayi) 

The Woma occurs in woodlands, heaths and shrublands and 
shelters in hollow logs, soil cracks or rock crevices.  The Woma has 
not been recorded in the south-west of Western Australia since 
1989.  This species is considered to be locally extinct and not 
expected to be present in the mining lease area (BCE 2013). 

 S   Unlikely to 
occur 

Black-striped 
Snake 

(Neelaps 
calonotos) 

This small, burrowing snake is close to the northern limit of its range 
around Eneabba.  It is restricted to the coastal sandy soils that 
support woodland and heath.  Suitable habitat is available for this 
species and it may be present in the mining lease area.  It has been 
recorded (BCE database) at Cooljarloo (90 km south) and in the 
Adams Road area (50 km north) (BCE 2013). 

  P3  Potential 
resident  

Birds 

Malleefowl  

(Leipoa ocellata) 

There are occasional records of the Malleefowl in the Eneabba 
region.  The nesting mounds, which are relatively conspicuous, 
have not been observed at the Iluka Eneabba operations during 
fauna surveys and this species is consequently not expected to 
occur within the mining lease area (BCE 2013). 

Vul; Mig 
(JAMBA) 

T   Unlikely to 
occur 

Peregrine Falcon  

(Falco 
peregrinus) 

This species is found in a variety of habitats, including rocky ledges, 
cliffs, watercourses, open woodland and Acacia shrublands.  The 
distribution of the Peregrine Falcon is often tied to the abundance 
of prey as this species predates heavily on other birds.  The 
Peregrine Falcon lays its eggs in recesses of cliff faces, tree 
hollows or in large abandoned nests of other birds.  Peregrine 
Falcons are not expected to breed in the Proposal area due to lack 
of nesting habitat; however, it has been recorded in previous 
surveys around Eneabba and birds may occasionally over-fly the 
mining lease area (BCE 2013). 

 S   Regular visitor 

Western Ground 
Parrot  

(Pezoporus 
flaviventrus) 

Although not expected to be present, the status of this recently-
recognised species is becoming critical, with the known population 
on the south coast being around 100 birds, with an unconfirmed 
population on the northern sandplains (BCE 2013).   

This species occurs in low heathland over sand with sedges and 
has been mainly affected by land clearing and feral predation 
(foxes and cats).  Suitable habitat is present for the Western 
Ground Parrot; however, no specimens were recorded during the 
2012 or previous aural surveys (BCE 2013). 

Crit End, 
Mig 

(JAMBA) 

T   Unlikely to 
occur 

Carnaby’s Black 
Cockatoo  

(Calyptorhynchu
s latirostris) 

Carnaby’s Black Cockatoo is reported to forage extensively in the 
Eneabba area on remnant vegetation and rehabilitated mine site 
vegetation on a very wide range of plants, including Banksia spp. 
and Hakea spp.  Other food sources include Melaleuca leuropoma, 
Lambertia multiflora and Xanthorrhoea spp.  The species has been 
observed feeding on weed seeds in paddocks (BCE 2013).   

The abundance of the species in the area is greatest during the 
non-breeding period.  This indicates that the birds migrate 
elsewhere to breed, as there is no suitable breeding habitat in the 
mining lease area.  The mining lease area is known to be used for 
foraging by the Carnaby’s Black Cockatoo (BCE 2013, Johnstone 
et al. 2013). 

End T   Regular visitor  

Australian 
Bustard  

(Ardeotis 
australis) 

The Australian Bustard is a large, ground-dwelling bird known to 
occur in open or lightly-wooded habitats.  It is nomadic and may 
range over very large areas, largely dependent on rainfall and food 
availability.  This species has been recorded in the region and may 
be an occasional visitor to the mining lease area (BCE 2013). 

  P4  Irregular visitor 

Bush Stone-
curlew 

(Burhinus 
grallarius) 

The Bush Stone-curlew is a large, slim, nocturnal, ground-dwelling 
bird.  This species is mostly grey-brown above, streaked with black 
and rufous (Birdlife Australia 2013).   

  P4  Locally extinct 
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Species Description 

Conservation Significance Occurrence 
in the 

Proposal area 
EPBC 
Act1 

WC 
Act2 

DPaW
3 

Othe
r4 

Fork-tailed Swift  

(Apus pacificus) 

The Fork-tailed Swift is an aerial species largely independent of 
terrestrial habitats but may over-fly the Proposal area occasionally.  
This species breeds in Siberia and the Himalayas and migrates to 
Australia in October, then returning to breed in May and June.  As 
an aerial species, the mining lease area is not expected to affect it 
(BCE 2013). 

Mig 
(CAMBA, 
JAMBA, 

ROKAMB
A) 

   Occasional 
visitor 

Rainbow Bee-
eater 

(Merops ornatus) 

The Rainbow Bee-eater is an abundant, ground-nesting species 
that catches insects on the wing over a range of environments.  
This species is found in open woodlands, shrublands and cleared 
areas, near water.  It will often use disturbed sites such as quarries, 
mines and can construct its nesting burrows in disturbed soil along 
roadsides.  It is a summer, breeding visitor to the South-West and 
is likely to be present annually in the mining lease area.  This 
species was recorded by Iluka personnel in November 2012 in an 
old mine void south of the mining lease area (BCE 2013). 

Mig 
(JAMBA) 

   Regular visitor  

Rufous Field-
Wren  

(Calamanthus 
campestris) 

This species occurs on heaths and low shrublands within the 
Eneabba region.  It is common and widespread in the region; 
however, numbers have declined due to agricultural clearing.  The 
Rufous Field-Wren has been observed in the mining lease area 
during the 2012 site inspection (BCE 2013). 

  P4  Resident 

Shy Heathwren  

(Hylacola cauta) 

This species is common and widespread in the region; however, 
numbers have declined due to agricultural clearing.  The Shy 
Heathwren occurs in dense heath with Banksia or Leptospermum 
spp.  This species has not been recorded during any of the surveys 
in the Eneabba area, suggesting they are either absent or occur 
only as irregular visitors (BCE 2013).   

  P4  Irregular visitor 

White-browed 
Babbler 

(Pomatostomus 
superciliosus) 

This species is common and widespread in the region; however, 
numbers have declined due to agricultural clearing.  This species 
is found in a variety of woodlands and shrubland types along 
watercourses.  This species has been recorded within Iluka leases 
in the Eneabba area.  However, as this is a conspicuous (noisy) 
species, and has not been noted previously, the group has 
probably moved into the area recently, and may not be resident 
(BCE 2013).   

  P4  Irregular visitor 

Crested Bellbird  

(Oreoica 
gutturalis 
gutturalis) 

This species is common and widespread in the region; however, 
numbers have declined due to agricultural clearing.  The Crested 
Bellbird occurs in areas of tall vegetation such as Banksia 
woodland.  This species has not been recorded by BCE during any 
of the surveys in the Eneabba area, suggesting they are either 
absent or occur only as irregular visitors (BCE 2013).   

  P4  Irregular visitor 

Mammals 

Brush Wallaby  

(Macropus irma) 

The Brush Wallaby occurs in open forest or woodland with low 
grasses and scrubby thickets.  It is also found in some areas of 
mallee and heathland.  Although it has not been observed during 
any Iluka fauna survey, this species is expected to be present in 
low numbers through areas of native vegetation in the region and 
may be present within the mining lease area (BCE 2013). 

  P4  Potential 
resident  

Western 
Freetail-Bat  

(Mormopterus 
planiceps) 

This small bat may be at the northern edge of its range in the 
region.  It occurs in tall forests, open woodland and coastal heath.  
Trees in the Proposal area are small and unlikely to provide 
suitable roosting sites, but individuals may roost nearby and forage 
over the mining lease area (BCE 2013). 

    Irregular visitor 

1, Crit End = Critically Endangered, End = Endangered, Vul = Vulnerable, Mig = Migratory, JAMBA = Japan-Australia Migratory Bird Agreement, 
CAMBA = China-Australia Migratory Bird Agreement, ROKAMBA = Republic of Korea-Australia Migratory Bird Agreement 
2 T = Schedule 1, X = Schedule 2, IA (International Agreement) = Schedule 3, S = Schedule 4 
3 P1 = Priority 1, P2 = Priority 2, P3 = Priority 3, P4 = Priority 4 
4 Other, Species not listed under Acts or in publications, but considered of at least local significance because of their pattern of distribution (BCE 
2013) 
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Species Description 

Conservation significance Occurrence 
in the 

Proposal area 
EPBC 
Act1 

WC 
Act2 

DPaW3 SRE4 

Native Bee  

(Hylaeus 
globuliferus) 

The bee is a solitary species that nests in dead twigs or plant stems 
and forages on nectar and pollen, including that of 
Banksia attenuata, which is present in the mining lease area (BCE 
2013). 

  P3  Likely to be 
present 

Katydid Cricket  

(Hemisaga 
vepreculae) 

The habitat of the cricket is uncertain, but similar species occur in 
heaths and woodlands (BCE 2013). 

  P3  Likely to be 
present 

Shield-backed 
Trapdoor 
Spider  

(Idiosoma 
nigrum) 

Elsewhere this species occurs on gravelly loam soils, often on the 
lower slopes of hills.  The Shield-backed Trapdoor Spider is unlikely 
to occur in the mining lease area due to a lack of suitable substrate 
(BCE 2013).   

 T   Unlikely to 
occur 

Graceful Sun 
Moth  

(Synemon 
gratiosa) 

Larvae feed only on the underground stems of two species of native 
sedge Lomandra spp.  These species were not identified in the 
Proposal area.  Lomandra spp. has been reported to be a minor 
component of woodlands in the general region.  The Graceful Sun 
Moth is unlikely to occur in the mining lease area although it may 
occur in low densities in the region (BCE 2013).   

5  P4  Irregular visitor 

Cricket  

(Phasmodes 
jeeba) 

The cricket is known only from two locations, in coastal thickets 
south of Dongara and near Jurien.  The species is not expected to 
occur in the Eneabba region due to the lack of suitable habitat (BCE 
2013).   

  P2  Unlikely to 
occur 

Scorpionfly  

(Austromerope 
poultoni) 

This species is expected to be confined to very moist locations within 
the region.  The mining lease area is high in the landscape and 
unlikely to contain suitable habitat (BCE 2013). 

  P2  Unlikely to 
occur 

1 Vul = Vulnerable, End = Endangered, Mig = Migratory 

2 T = Schedule 1, X = Schedule 2, IA (International Agreement) = Schedule 3, S = Schedule 4 

3 P1 = Priority 1, P2 = Priority 2, P3 = Priority 3, P4 = Priority 4 

4 SRE = species recognised in EPA Guidance statement No 20: Sampling of short range endemic fauna for environmental impact assessment in 
Western Australia (EPA 2009) 

5 the Graceful Sun Moth was removed from the EPBC Act list of threatened species on 18 May 2013. 
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 Appendix 2 – Derived Concentration Reference Levels 

 

Preliminary derived consideration reference levels (shaded) for Reference Deer, Rat, and Duck. (ICRP 
Publication 108) 

 

 

 
 
With regard to the ‘higher’ vertebrates, the data for the two mammals can be banded over several orders of 
magnitude. From these data, it appears that at dose rates in the region of 0.1–1 mGy/day, there is a very low 
probability of certain effects occurring that could result in reduced reproductive success or morbidity; however, 
at the band below that range (0.01–0.1 mGy/day), such effects have not been observed. It would therefore 
seem reasonable to pause at that dose-rate band (highlighted) and consider other information, as appropriate. 
For birds, however, no information is available in either of these bands. From what is generally known regarding 
bird metabolism, longevity, and reproductive behaviour, it is reasonable to expect some form of ‘harm’ to occur 
occasionally at such levels of dose, and thus the dose-rate band of 0.1–1 mGy/day would similarly serve as a 
sensible level of dose rate to stop and consider further. 
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Preliminary derived consideration reference levels (shaded) for Reference Frog, Trout, and Flatfish. (ICRP 
Publication 108) 

 

 

 
 
With regard to the ‘lower’, poikilothermic vertebrates however, the data are far less complete, particularly with 
regard to amphibians. Also, there is a particular problem with regard to the lack of data generally at dose rates 
below 1 mGy/day. Some interpolation is therefore necessary, and the shaded box has been placed in the same 
band for all three, largely reflecting the lack of data on physiological effects with respect to the amphibians 
generally. 
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Preliminary derived consideration reference levels (shaded) for Reference Bee, Crab, and Earthworm. (ICRP 
Publication 108) 

 

 
 

 

 
 
For the invertebrates there is again a complete lack of data at the lower dose rates. However, in view of the 
fact that broadly ‘equivalent’ effects seen in vertebrates appear to require another order of magnitude of dose 
rate in order to appear in the invertebrates, the shaded area has been placed at 10–100 mGy/day for all three 
types, even though the only positive information is that obtained on annelids. 
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Preliminary derived consideration reference levels (shaded) for Reference Pine Tree, Wild Grass, and Brown 
Seaweed. (ICRP Publication 108) 

 
 

 

 

 
 
For plants (and seaweeds), the data are clearly constrained by the inequality of the data across the three types. 
The best data sets are for pine trees, which suggest that exposure at dose rates in the region of 1–10 mGy/day 
could be of concern, but in view of the apparent differences in sensitivity at higher dose rates, and the potential 
for very long periods of exposure, it seems reasonable to set the shaded area at 0.1–1 mGy/day. For grasses, 
some degree of reduced reproductive success could occur at dose rates in a band higher than that for pine 
trees, and the shaded area has been set at 1– 10 mGy/day. For seaweeds, there is very little useful information 
at dose rates that might be expected in environmental situations, and although one might expect that grasses 
would be more radiosensitive than seaweeds, or algae in general, the same 
area has been shaded.  
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Appendix 3 – ERICA modelling Results  

Eneabba Monazite Feed – Terrestrial Assessment 100% Occupancy 

 

Total Dose Rate per (µG/h) terrestrial organism 

 

Contribution of radionuclides to Total Dose Rate per Terrestrial organism 

These results demonstrate that modelled dose rates at 100% occupancy for all terrestrial organisms in this 

ecological sensitive area are above the threshold dose rate of 10 Gy/h, with Lichen & Bryophytes being 
most sensitive organisms, followed by Grasses; Shrubs; and the Kangaroo respectively. 
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External Dose Rate per Terrestrial organism 

 

Internal Dose Rate per Terrestrial organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all terrestrial 
organisms; followed by Ra-228 and Ra-226 respectively. Th-228 is also the largest contributor to total 
dose for plants; insects and reptiles, generally followed by Ra-226. Ra-228 and Th-232 also contribute a 
significant proportion of total dose to insects and plants (excluding trees), while Ra-228 also contributes to 
dose for reptiles. Po-210 contributes to both total and internal dose of plants and reptiles.  
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For birds, Ra-226 contributes the largest portion of total dose and almost exclusively to internal dose. Th-
228 and Ra-228 also contribute to total dose for birds. Mammals’ total dose is dominated by Ra-226; Pa-
231; Po-210; Th-228; and to a lesser extent by Ra-228. Internal dose for mammals are dominated by Ra-
226; Pa-231; and Po-210. 

Activity Concentration per organism 

From radionuclide uptake it is seen that all bird species accumulate Ra-228, followed by Pb-210; Ra-226; 
and Po-210 Respectively. Reptiles accumulate Ra-228, followed by Po-210; Pa-231; and Pb-210. Insect 
species accumulate Pb-210, followed by Ra-228; Th-228 & Th-232; Ra-226; and Pa-231. Plants in general 
trend to accumulate Ra-228; followed by Th-228 & Th-232; Po-210; and Pb-210, while trees uptake is 
dominated by Ra-228, followed by Po-210 and Pb-210 respectively. Mammals generally accumulate Ra-
228; Pa-231; Po-210; and Pb-210 in varying order.  
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Eneabba Monazite Feed – Aquatic (freshwater) Assessment 100% Occupancy 

 

Total Dose Rate per (µG/h) freshwater organism 

 

Contribution of radionuclides to Total Dose Rate per freshwater organism 

These results demonstrate that modelled dose rates at 100% occupancy for all freshwater organisms are 

above the threshold dose rate of 10 Gy/h, with Insect Larvae being most sensitive organisms, followed 
by Molluscs; Zooplankton; and Crustaceans respectively. 
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External Dose Rate per freshwater organism 

 

Internal Dose Rate per freshwater organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all freshwater 
organisms; followed by Ra-228 and Ra-226 respectively. Po-210 is the largest contributor to total as well 
as internal dose to all freshwater species, except for the Vascular Plant which is dominated by Th-228 
contribution.  
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Activity Concentration per freshwater organism 

From radionuclide uptake it is seen that all freshwater species accumulate predominantly Po-210. Birds; 
Amphibians; Insect Larvae; Molluscs and Zooplankton also accumulate Ra-228 in significant amounts. 
The Vascular Plant, like other freshwater organisms accumulates predominantly Po-210, but radionuclide 
uptake for this organism is followed by Th-230; Th-228 & Th-232 respectively.  

 

  



 

 53 
  

Wimmera Feed – Terrestrial Assessment 100% Occupancy 

 

Total Dose Rate per (µG/h) terrestrial organism 

 

Contribution of radionuclides to Total Dose Rate per Terrestrial organism 

These results demonstrate that modelled dose rates at 100% occupancy for all terrestrial organisms in this 

ecological sensitive area are above the threshold dose rate of 10 Gy/h, with Lichen & Bryophytes being 
most sensitive organisms, followed by Grasses; Shrubs; and the Kangaroo respectively. 
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External Dose Rate per Terrestrial organism 

 

Internal Dose Rate per Terrestrial organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all terrestrial 
organisms; followed by Ra-228 and Ra-226 respectively. Th-228 is also the largest contributor to total 
dose for plants; insects and reptiles, generally followed by Ra-226. Ra-228 and Th-232 also contribute a 
significant proportion of total dose to insects and plants (excluding trees), while Ra-228 also contributes to 
dose for reptiles. Po-210 contributes to both total and internal dose of plants and reptiles.  
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For birds, Ra-226 contributes the largest portion of total dose and almost exclusively to internal dose. Th-
228 and Ra-228 also contribute to total dose for birds. Mammals’ total dose is dominated by Ra-226; Pa-
231; Po-210; Th-228; and to a lesser extent by Ra-228. Internal dose for mammals are dominated by Ra-
226; Pa-231; and Po-210. 

 

Activity Concentration per organism 

From radionuclide uptake it is seen that all bird species accumulate Ra-228, followed by Pb-210; and Ra-
226. Reptiles accumulate Ra-228, followed by Po-210; Pa-231; and Pb-210. Insect species accumulate 
Pb-210, followed by Ra-228; Th-228 & Th-232. Plants in general trend to accumulate Ra-228; Th-228; Th-
232; Po-210; Pb-210, and Th-230, while trees uptake is dominated by Pb-210, followed by Ra-228 and 
Po-210 respectively. Mammals generally accumulate Ra-228; Pa-231; Po-210; and Pb-210 in varying 
order.  
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Wimmera Feed – Aquatic (freshwater) Assessment 100% Occupancy 

 

Total Dose Rate per (µG/h) freshwater organism 

 

Contribution of radionuclides to Total Dose Rate per freshwater organism 

These results demonstrate that modelled dose rates at 100% occupancy for all freshwater organisms 

exposed to residue originating from Wimmera feed are above the threshold dose rate of 10 Gy/h, with 
Insect Larvae being most sensitive organisms, followed by Molluscs; Zooplankton; and Crustaceans 
respectively. 
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External Dose Rate per freshwater organism 

 

Internal Dose Rate per freshwater organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all freshwater 
organisms; followed by Ra-228 and Ra-226 respectively. Po-210 is the largest contributor to total as well 
as internal dose to all freshwater species, except for the Vascular Plant which is dominated by Th-228 
contribution.  
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Activity Concentration per freshwater organism 

From radionuclide uptake it is seen that all freshwater species accumulate predominantly Po-210. Birds; 
Amphibians; Insect Larvae; Molluscs and Zooplankton also accumulate Ra-228 in significant amounts. 
The Vascular Plant, like other freshwater organisms accumulates predominantly Po-210, but radionuclide 
uptake for this organism is followed by Th-230; Th-228; and Th-232 respectively.  
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Wimmera combined with Eneabba Monazite Feed – Terrestrial Assessment 100% Occupancy 

 

Total Dose Rate per (µG/h) terrestrial organism 

 

Contribution of radionuclides to Total Dose Rate per Terrestrial organism 

These results demonstrate that modelled dose rates at 100% occupancy for all terrestrial organisms in this 

ecological sensitive area are above the threshold dose rate of 10 Gy/h, with Lichen & Bryophytes being 
most sensitive organisms, followed by Grasses; Shrubs; and the Kangaroo respectively. 
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External Dose Rate per Terrestrial organism 

 

Internal Dose Rate per Terrestrial organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all terrestrial 
organisms; followed by Ra-228 and Ra-226 respectively. Th-228 is also the largest contributor to total 
dose for plants; insects and reptiles, generally followed by Ra-226. Ra-228 and Th-232 also contribute a 
significant proportion of total dose to insects and plants (excluding trees), while Ra-228 also contributes to 
dose for reptiles. Po-210 contributes to both total and internal dose of plants and reptiles.  
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For birds, Ra-226 contributes the largest portion of total dose and almost exclusively to internal dose. Th-
228 and Ra-228 also contribute to total dose for birds. Mammals’ total dose is dominated by Ra-226; Pa-
231; Po-210; Th-228; and to a lesser extent by Ra-228. Internal dose for mammals is dominated by Ra-
226; Pa-231; and Po-210. 

 

Activity Concentration per organism 

From radionuclide uptake it is seen that all bird species accumulate Ra-228, followed by Pb-210; and Ra-
226. Reptiles accumulate Ra-228, followed by Po-210; Pa-231; and Pb-210. Insect species accumulate 
Pb-210, followed by Ra-228; Th-228 & Th-232. Plants in general trend to accumulate Ra-228; Th-228; Th-
232; Po-210; Pb-210, and Th-230, while trees uptake is dominated by Pb-210, followed by Ra-228 and 
Po-210 respectively. Mammals generally accumulate Ra-228; Pa-231; Po-210; and Pb-210 in varying 
order.  
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Wimmera combined with Eneabba Monazite Feed – Aquatic (freshwater) Assessment 100% 
Occupancy 

 

Total Dose Rate per (µG/h) freshwater organism 

 

Contribution of radionuclides to Total Dose Rate per freshwater organism 

These results demonstrate that modelled dose rates at 100% occupancy for all freshwater organisms 
exposed to residue originating from a blend of Wimmera and Eneabba Monazite feed are above the 

threshold dose rate of 10 Gy/h, with Insect Larvae being most sensitive organisms, followed by Molluscs; 
Zooplankton; and Crustaceans respectively. 
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External Dose Rate per freshwater organism 

 

Internal Dose Rate per freshwater organism 

The modelling further demonstrates that the internal dose rate component is the main contributor to total 
dose. Th-228 is the radionuclide contributing to the largest dose from external exposures for all freshwater 
organisms; followed by Ra-228 and Ra-226 respectively. Po-210 is the largest contributor to total as well 
as internal dose to all freshwater species, except for the Vascular Plant which is dominated by Th-228 
contribution.  
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Activity Concentration per freshwater organism 

From radionuclide uptake it is seen that all freshwater species accumulate predominantly Po-210. Birds; 
Amphibians; Insect Larvae; Molluscs and Zooplankton also accumulate Ra-228 in significant amounts. 
The Vascular Plant, like other freshwater organisms accumulates predominantly Po-210, but radionuclide 
uptake for this organism is followed by Th-230; Th-228; and Th-232 respectively.  
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Table A6-1:  Consequence Rating Defini t ions  

Value Insignificant Minor Moderate Major Catastrophic 
T

er
re

st
ri

al
 F

au
n

a
 

Localised and short term loss of 
habitat that is well represented in 
the region, overall habitat area 
remains intact with minimal 
fragmentation. 
 

 
Some death and or displacement 
of fauna that has no lasting 
effects on population viability or 
abundance. 
 
Localised and short-term 
decrease in fauna abundance 
occurring within project 
tenements.   

Localised and medium term loss 
of habitat that is well represented 
in the region, some short term 
habitat fragmentation. 
 
 
 

Some death and or displacement 
of fauna that has short term 
effects on population viability or 
abundance. 
 
Localised and long-term or 
widespread, and short-term 
decrease in fauna abundance 
within project tenements.   

Localised and permanent or 
widespread and long term loss of 
habitat that is not well 
represented in the region, 
medium term habitat 
fragmentation. 
 
Death and or displacement of 
fauna that has medium term 
effects on population viability or 
abundance. 
 
Localised and irreversible or 
widespread and long-term 
decrease in fauna abundance.   

Permanent and widespread loss 
of habitat that is not well 
represented in the region, 
permanent habitat fragmentation. 
 
 
 

Death and or displacement of 
fauna that puts populations at 
risk of local extinction. 
 
Significant, widespread, and 
persistent decrease in fauna 
abundance.   

Permanent loss and 
fragmentation of habitat that is 
not well represented in the 
region. 
 
 
 
Death and or displacement of 
fauna that leads to extinction of 
species on a regional scale. 
 
Permanent loss of a significant 
portion of fauna population. 

S
u

b
te

rr
an

ea
n

 

F
au

n
a 

Short term loss to the 
representation, diversity, viability 
and ecological function of 
subterranean fauna species, 
populations or assemblages 
within project tenements. 

Medium term loss to the 
representation, diversity, viability 
and ecological function of 
subterranean species, 
populations or fauna 
assemblages in the local area. 

Long term loss to the 
representation, diversity, viability 
and ecological function of 
subterranean fauna species, 
populations or assemblages in 
the local area. 

Short or medium term loss to the 
representation, diversity, viability 
and ecological function of 
subterranean species, 
populations or fauna 
assemblages in the regional 
area. 

Permanent loss to the 
representation, diversity, viability 
and ecological function of 
subterranean species, 
populations or fauna 
assemblages in the regional 
area. 

F
lo

ra
 a

n
d

 V
eg

et
at

io
n

 

Localised and short term 
decrease in health, abundance 
and structure of ecological 
communities that are well 
represented in the region. 
 
No direct loss flora within project 
tenements although increased 
stress incurred through indirect 
or induced processes. 

Localised and medium term 
decrease in health, abundance 
and structure of ecological 
communities that are well 
represented in the region. 
 
Minor, localised loss of flora 
either through direct, indirect or 
induced processes. 

Localised and long term 
decrease in health, abundance 
and structure of ecological 
communities that are not well 
represented in the region. 
 
Regional loss of flora with no 
impacts on species survival. 

Widespread and medium term 
decrease in health, abundance 
and structure of ecological 
communities that are not well 
represented in the region. 
 
Project places significant 
pressure on continued survival of 
plant species. 

Permanent loss of ecological 
communities that are not well 
represented in the region. 
 
 
 

Project results in extinction of 
species on a regional scale. 
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Value Insignificant Minor Moderate Major Catastrophic 

S
u

rf
ac

e 
W

at
er

 
Insignificant, short term change 
to surface water quality within the 
project tenements and 
downstream watercourses that 
does not change its use by 
fauna. 

 

Effects are localised within one 
sub-catchment. 

Insignificant medium term 
change to surface water quality 
within the project tenements and 
downstream watercourses that 
does not affect its use by fauna. 
 
 
Effects are localised within one 
sub-catchment 

Moderate change to surface 
water quality within the project 
tenements and downstream 
watercourses that affects its use 
by fauna. 

 
Effects may cross a catchment 
boundary, or involve multiple 
sub-catchments. 

High level change in surface 
water quality in the project 
tenements and downstream 
watercourses that prevents use 
by fauna. 
 

Effects cross a catchment 
boundary. 

High level change in surface 
water quality on a regional scale 
that prevents long term use by 
fauna. 
 
Effects broad and across multiple 
catchments. 

G
ro

u
n

d
w

at
er

 

Minor, localised change to 
groundwater quality that does not 
change its beneficial uses, 
including livestock, fauna, 
groundwater dependent 
ecosystems and subterranean 
fauna. 

 

Short term localised decline in 
groundwater quality that affects 
beneficial uses, including 
livestock, fauna, groundwater 
dependent ecosystems and 
subterranean fauna. 

 

Medium term localised decline in 
groundwater quality that affects 
beneficial uses, including 
livestock, fauna, groundwater 
dependent ecosystems and 
subterranean fauna. 

 

Short to medium term regional 
decline in water quality that 
prevents beneficial uses, 
including livestock, fauna, 
groundwater dependent 
ecosystems and subterranean 
fauna. 

Long term regional decline in 
water quality that prevents 
beneficial uses, including 
livestock, fauna, groundwater 
dependent ecosystems and 
subterranean fauna. 

S
o

il 
Q

u
al

it
y 

Minimal land contamination 
within project tenements, easily 
treatable in short term and does 
not result in adverse impacts on 
associated environmental values. 

Minimal land contamination 
which is localised and treatable 
in medium term.  Does not result 
in adverse impacts on associated 
environmental values.   

Localised, low level land 
contamination that results in 
adverse impacts on associated 
environmental values in the short 
to medium term.   

Low level land contamination on 
a regional scale resulting in 
adverse impacts on associated 
environmental values requiring 
medium to long term 
management.   

Mid-level land contamination on 
a regional scale resulting in 
permanent damage with severe 
environmental and 
socioeconomic disruption.   

 
Short term - Fewer than two years. 
Medium term - Longer than two years, but fewer than 10 years. 
Long term - Longer than 10 years. 
Permanent - Impacts that arise from irreversible changes in conditions. 
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Likelihood Consequence Risk Likelihood Consequence Risk

Operations & 
Rehabilitation

Unlikely Minor Low Unlikely Insignificant Low

Post-Closure Unlikely Insignificant Low Unlikely Insignificant Low

Flora Post-Closure Unlikely Insignificant Low Unlikely Insignificant Low

Operations & 
Rehabilitation

Unlikely Minor Low Unlikely Insignificant Low

Post-Closure Rare Insignificant Low Rare Insignificant Low

Terrestrial Fauna Operations Unlikely Minor Low

Materials characterisation and ERICA assessment indicated that there is some risk of 
individual fauna accruing radiation doses exceeding adopted screening levels (DCRLs) 
through ingestion of water pooling on the tailings surface, noting that the assessment 
does not account for use of alternative water sources or sporadic utilisation (e.g. 
migratory birds).  However, the documented health impacts associated with the 
estimated doses are limited, and exposure is not considered to present a risk to 
ecosystem integrity.

Unlikely Insignificant Low

Aquatic Fauna Operations Unlikely Insignificant Low

Materials characterisation and ERICA assessment indicated that there is some risk of 
sensitive aquatic fauna (insect larvae) accruing radiation doses exceeding adopted 
screening thresholds (DCRL), through exposure to water pooling on the tailings surface.  
There are no significant documented health effects associated with estimated doses for 
insect larvae, and their population is also expected to be relatively mobile and short-
lived, mitigating any potential impact.  Therefore, the risk of ecosystem function impacts 
is considered very low.

Unlikely Insignificant Low

Direct irradiation by or uptake of tailings water 
containing uranium and thorium series radionuclides 
in dissolved form.

Flora
Operations & 
Rehabilitation

Rare Insignificant Low

No vegetation is expected on the TSF or within the site area during operations as the 
site will be cleared. Fauna is unlikely to inhabit within the site area due to operational 
activities.

A closure strategy for the TSF(s) includes the installation of a store and release cover.  Cover design 
will consider establishment of vegetation including likely root penetration depth.

Rare Insignificant Low

Terrestrial Fauna Operations Unlikely Minor Low Unlikely Insignificant Low

Flora Operations Rare Insignificant Low Rare Insignificant Low

Overtopping of TSF, catastrophic failure of TSF 
embankments, and leaks/spills from tailings delivery 
and decant return pipelines.

Surface Water Operations Unlikely Insignificant Low Unlikely Insignificant Low

Flood risk and embankment failure scenario assessments indicate that under worst-
case conditions, the contribution of tailings water to surface water flow within the project 
sub-catchment will be <1 %.  Accounting for dilution and likely tailings water chemistry, 
potential impacts to downstream receptors are highly unlikely.

Ta
ili

ng
s 

W
at

er

No management measures in addition to those already adopted are proposed.  Current measures 
include a bunded tailings pipeline corridor and pressure drop cut-out systems.
The design and construction of the TSF and potential future TSFs minimises the risk of overtopping 
or embankment failure. Standard water management practices during operational phases, including 
emergency response planning, will further reduce the risk.  At closure, the tailings will be drained and 
covered, effectively removing this exposure pathway.

Direct irradiation by or uptake and ingestion of 
surface water contaminated by radionuclides due to 
leaks/spills from tailings delivery and decant return 
pipelines.

Residual Risk

Materials characterisation and ERICA assessment indicated that long-term exposure to 
tailings solids is unlikely to have adverse population-scale effects upon flora or fauna 
(i.e. doses were below adopted screening levels, ERLs), apart from reptiles (Black 
striped snake and carpet python).  Whilst reptiles are unlikely to spend significant 
proportions (assessed at 50%) of their time on the tailings during operations, there is 
some potential for them to receive a significant dose (associated with fertility effects) if 
they do.  However, the potential consequence of fertility effects in reptiles, if any, are 
likely to be mitigated by population mobility on a regional scale, and ecosystem level 
impacts from individuals affected are very unlikely.

Management Measures

Inherent Risk

Terrestrial Fauna

Implementation of appropriate tailings water management strategies to consistently drain water from 
the TSF surface into an area that can be managed to dissuade or prevent fauna access.  

A closure strategy for the TSF(s) includes the installation of a store and release cover, which will 
provide additional shielding from the tailings and further reduce minor chronic radiation doses.  
Landscape evolution modelling will be undertaken and used to design a cover capable of providing 
long-term shielding from the tailings.

Mine Phase Key KnowledgeReceptor

Burrowing Fauna

Materials characterisation and ERICA assessment indicated that long-term exposure to 
tailings solids is unlikely to have adverse population-scale effects upon burrowing fauna 
with potential effects for individuals only and only during operations/rehab phase.
Modelling results represent burrowing mammals to penetrate the waste directly. It is 
unlikely burrowing mammals will penetrate the waste during operations as the waste 
cells will be flooded. Burrowing is most likely to occur on the embankments, if at all. 
Post-closure the cover over the waste material will prevent the burrowing mammals to 
reach the waste material - distance from source providing shielding.

Ta
ili

ng
s 

So
lid

s

Exposure 
Media

Exposure Pathway

Direct irradiation by proximity or incidental ingestion 
of tailings within the TSF.

Direct irradiation by or direct ingestion of tailings 
water containing uranium and thorium series 
radionuclides in dissolved or suspended form.

Additional inhalation of radon gas within burrows 
within the TSF cover post closure or adjacent during 
operations.

Implementation of appropriate tailings water management strategies to consistently drain water from 
the TSF surface into an area that can be managed to dissuade or prevent fauna access.  Ensuring 
the TSF surface is not consistently flooded will also reduce the likelihood of attracting migratory birds, 
therefore minimising potential impact to local populations.  

During closure, the tailings will be drained and ultimately covered. Once the cover is installed,  
access to tailings water will be prevented. Standard water management practices will effectively 
remove this exposure pathway.
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Likelihood Consequence Risk Likelihood Consequence Risk

Uptake of radionuclides in soils containing elevated 
uranium and thorium series nuclides.

Flora Post-Closure Unlikely Insignificant Low

Tailings are subaerially deposited resulting in moist tailings surfaces during operations. 
Tailings will be allowed to dry out during the rehabilitation period prior to placement of a 
capping layer. Wind erosion of tailings may occur during the drying period. Post-closure, 
the TSF will be capped with a store and release cover, effectively removing this 
exposure pathway.

Unlikely Insignificant Low

Operations & 
Rehabilitation

Rare Insignificant Low Rare Insignificant Low

Post-Closure Rare Insignificant Low Rare Insignificant Low

Operations & 
Rehabilitation

Rare Insignificant Low Rare Insignificant Low

Post-Closure Rare Insignificant Low Rare Insignificant Low

Soil Quality
Operations & 
Rehabilitation

Rare Minor Low Rare Insignificant Low

Soil Quality Post-Closure Rare Minor Low Rare Insignificant Low

Operations & 
Rehabilitation

Unlikely Minor Low Unlikely Insignificant Low

Post-Closure Possible Minor Low Possible Insignificant Low

Residual Risk

G
ro

un
dw

at
er

So
ils

Uptake of or direct irradiation by radionuclides in soils 
containing elevated uranium and thorium series 
nuclides as a result of overtopping of TSF or 
catastrophic failure of TSF embankments.

Uptake of or direct irradiation by radionuclides in soils 
containing elevated uranium and thorium series 
nuclides as a results of leaks/spills from tailings 
delivery and decant return pipelines.

Exposure 
Media

Exposure Pathway

Groundwater Quality

Tailings seepage into underlying aquifer The TSF design and construction incorporates multiple levels of seepage control, including an HDPE-
lined basin and underdrainage system.  Groundwater monitoring bores are also in place to enable 
early detection of significant seepage.  

During closure, the tailings will dry and ultimately be capped with a store release style cover. Once 
the store and release cover is installed, migration of water into the tailings layer will be minimised and 
therefore seepage from the TSF to the surrounding environment will be minimal.

Monitoring of groundwater down gradient of mining activities for total dissolved uranium and thorium 
concentrations will confirm the absence of downstream groundwater contamination.

The extent of the likely spread of  tailings solids in the event of overtopping of or 
catastrophic failure is unlikely to extend beyond the site boundary. Accounting for 
potential dilution within the soils as a result of overtopping, materials characterisation 
and ERICA assessment indicated that long-term exposure to tailings solids is unlikely to 
have adverse population-scale effects upon flora or fauna.

Under worst-case estimation (ie. leaking liner beneath the TSF) groundwater from the 
project area may reach reach sensitive downstream receptors outside the site 
boundary. However, radionuclides in the solids are in sparingly soluble forms and 
unlikely to leach into groundwater at a concernable concentration. By the time the 
hypothetical plume would have been significantly diluted by disperson, aquifer recharge, 
assimilation and mixing processes.  The probability of impacts on downstream 
receptors, including uptake by plants (i.e. groundwater dependent ecosystems), is 
considered to be very low.

The design and construction of the TSF and potential future TSFs minimises the risk of overtopping 
or embankment failure.  At closure, the tailings will be drained and covered, effectively removing this 
exposure pathway. 

Terrestrial Fauna

Flora

Materials characterisation and ERICA assessment indicated that long-term exposure to 
tailings solids is unlikely to have adverse population-scale effects upon flora or fauna.  
Therefore, significant impacts are not anticipated in the event of a localised tailings 
release, in relation to radiation exposure.  Radionuclides in the solids are in sparingly 
soluble forms, and removing the solids from the ground surface is considered an 
effective means of treating soils impacted by tailings release.

Receptor Mine Phase

Inherent Risk

Key Knowledge Management Measures
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Summary of ANSTO’s Review of the ILUKA Resources documents: 
“ERICA FAUNA & FLORA ASSESSMENT: ENEABBA RARE EARTH REFINERY PROJECT (ERER) 

BULK WASTE” (dated September 2021) 
 

 “ENEABBA RARE EARTH REFINERY (ERER) WASTE DISPOSAL FACILITY – RESRAD 

RADIATION ASSESSMENT (dated September 2021)” 

 

“ENEABBA RARE EARTH REFINERY (ERER) INDICATIVE WASTE CLASSIFICATION (dated 

August 2021)” 

 

Title:   ANSTO Review of the ILUKA Resources document: “ERICA FAUNA & FLORA ASSESSMENT: 

ENEABBA RARE EARTH REFINERY PROJECT (ERER) BULK WASTE” (dated September 2021) 

Author(s): Mathew P. Johansen                                        

Client: Iluka Resources Pty Ltd 

Client Contact: Clasina Roodt 

Reference: ANSTO- C1755 

ANSTO has performed a review of the document “ERICA FAUNA & FLORA ASSESSMENT: ENEABBA RARE 

EARTH REFINERY PROJECT (ERER) BULK WASTE” (dated September 2021) authored by Iluka Resources 

Pty Ltd. The purpose of the Iluka report (Report) is to evaluate potential radiological impacts to the 

environment, and potential exposures to “Bush Tucker” consumers, from planned (new) operations at 

the Eneabba Site, WA.  The operations will create waste to be managed onsite in Tailings Storage 

Facilities (TSFs). The wastes/TSFs contain U and Th-series radionuclides and Iluka Resources Ltd has 

performed a standard environmental radiological analysis.   

ANSTO’s comments reflect comparison of the Report’s approach, methods and conclusions with 

standard practice as indicated in Australian guidance documents (e.g., ARPANSA) as well as from 

international organisations (IAEA, ICRP, UNSCEAR).   

Overall, the environmental analysis follows standard approaches. The evaluation has been thorough in 

the range of radionuclides and organisms evaluated. It has utilised conservative (e.g., protective) 

approaches for key input data. While the review did not include an independent modelling check (e.g., 



independent ERICA modelling), no major flaws were found in the methods presented in the report, and 

the output appears to be within expected ranges given the input data and assumptions.   

Given that some of the predicted dose rates are within DCRL ranges (below population effects-levels but 

still somewhat elevated), and given the inherent analysis uncertainties, ILUKA should propose future site 

monitoring  (e.g., monitoring for organism occupancies, uptake of radionuclides in biota) and revisiting 

the environmental dose assessment at periodically in the future. 

Title:   ANSTO Review of the ILUKA Resources document: “ENEABBA RARE EARTH REFINERY (ERER) 

WASTE DISPOSAL FACILITY – RESRAD RADIATION ASSESSMENT” (dated September 2021) 

 

Author(s): Mathew P. Johansen                                        

 

QA Review: Robert Blackley        
 

Client: Iluka Resources Pty Ltd 

Client Contact: Clasina Roodt, Ben Kraft 

Reference: ANSTO- C1756 

ANSTO has performed a review of the document “ENEABBA RARE EARTH REFINERY (ERER) WASTE 

DISPOSAL FACILITY – RESRAD RADIATION ASSESSMENT” (dated September 2021) authored by Iluka 

Resources Pty Ltd. The purpose of the Iluka report (Report) is to evaluate potential radiological impacts 

to the environment from planned (new) operations at the Eneabba Site, WA. The operations will create 

waste to be managed onsite in Tailings Storage Facilities (TSFs). The wastes/TSFs contain U and Th-series 

radionuclides and Iluka Resources Ltd has performed a standard human health radiological dose 

assessment.  

ANSTO’s comments reflect comparison of the Report’s approach, methods and conclusions with 

standard practice as indicated in Australian guidance documents (e.g., ARPANSA) as well as from 

international organisations (IAEA, ICRP, UNSCEAR).  

Overall, the analysis follows standard approaches: 

• The radionuclides included are appropriate. 

• A range of possible exposure scenarios are utilised and are comparable to those used at other 
sites. 

• The scenarios frequently make use of conservative assumptions/parameterisation. 

• The analysis relies on a well-documented computer code (RESRAD, developed for the US 
Department of Energy by the Argonne National Laboratory).  

• The estimated dose rates reported here appear to be within expected ranges for the scenarios 
and wastes described (based on the reviewer’s experience. The review did not independently 
model the dose rates). 
 

The reviewer did not find any substantive flaws in methods. However, there are a few specific areas that 

may be improved in later project stages (e.g., more detailed unsaturated zone and groundwater 

modelling if warranted). The main gap to be filled in the future is inclusion of a section that discusses the 

uncertainties inherent in the evaluation and how to address them. While the near- and medium-term 

dose predictions are below the relevant guidelines, some approach the guideline values and therefore 

future refinement of the dose modelling, including more emphasis on uncertainty analysis is warranted.  

 



Title:   ANSTO Review of ENEABBA RARE EARTH REFINERY (ERER) INDICATIVE WASTE CLASSIFICATION 

(dated August 2021) 

 

Author(s): Robert Blackley                                                      

 

Client: Iluka Resources Pty Ltd 

Client Contact: Clasina Roodt  

Reference: ESTM 760RB 

The purpose of the Iluka report (Report) is to provide an indicative waste classification of waste generated 

from different phases proposed for the recovery and processing of material originating from the Eneabba 

Monazite Pit (EMP). 

 

ANSTO’s comments reflected comparison of the Report’s approach to the classification and the 

conclusions related to the indicative classification of wastes from ERER. ANSTO confirms that comments 

made have been satisfactorily addressed within the final version of this report. 

 

Overall the approach taken to classify the proposed wastes is in alignment with national and international 
guidance material. The reviewer did not find any major faults in the approach and interpretation. As a 
result the conclusions drawn on the indicative classification are relatively robust within the limits of the 
data available. 

 

 

 

RBlackley 

Robert Blackley 

Senior Consultant Health Physicist 

Manager, Radiation Services 

Tel: 02 9717 9517 

Mobile: 0438 406 825 

Email: robert.blackley@ansto.gov.au 
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