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DISCLAIMER 
 

This document has been provided by O'Kane Consultants Pty Ltd (OKC) subject to the following 
limitations:  
1. This document has been prepared for the client and for the particular purpose outlined in the 

OKC proposal and no responsibility is accepted for the use of this document, in whole or in 
part, in any other contexts or for any other purposes.  

2. The scope and the period of operation of the OKC services are described in the OKC 
proposal and are subject to certain restrictions and limitations set out in the OKC proposal. 

3. OKC did not perform a complete assessment of all possible conditions or circumstances that 
may exist at the site referred to in the OKC proposal. If a service is not expressly indicated, 
the client should not assume it has been provided. If a matter is not addressed, the client 
should not assume that any determination has been made by OKC in regards to that matter.  

4. Variations in conditions may occur between investigatory locations, and there may be special 
conditions pertaining to the site which have not been revealed by the investigation, or 
information provided by the client or a third party and which have not therefore been taken 
into account in this document. 

5. The passage of time will affect the information and assessment provided in this document. 
The opinions expressed in this document are based on information that existed at the time of 
the production of this document.  

6. The investigations undertaken and services provided by OKC allowed OKC to form no more 
than an opinion of the actual conditions of the site at the time the site referred to in the OKC 
proposal was visited and the proposal developed and those investigations and services 
cannot be used to assess the effect of any subsequent changes in the conditions at the site, 
or its surroundings, or any subsequent changes in the relevant laws or regulations.  

7. The assessments made in this document are based on the conditions indicated from 
published sources and the investigation and information provided. No warranty is included, 
either express or implied that the actual conditions will conform exactly to the assessments 
contained in this document.  

8. Where data supplied by the client or third parties, including previous site investigation data, 
has been used, it has been assumed that the information is correct. No responsibility is 
accepted by OKC for the completeness or accuracy of the data supplied by the client or third 
parties.  

9. This document is provided solely for use by the client and must be considered to be 
confidential information. The client agrees not to use, copy, disclose reproduce or make 
public this document, its contents, or the OKC proposal without the written consent of OKC. 

10. OKC accepts no responsibility whatsoever to any party, other than the client, for the use of 
this document or the information or assessments contained in this document.  Any use which 
a third party makes of this document or the information or assessments contained therein, or 
any reliance on or decisions made based on this document or the information or assessments 
contained therein, is the responsibility of that third party.  

11. No section or element of this document may be removed from this document, extracted, 
reproduced, electronically stored or transmitted in any form without the prior written 
permission of OKC. 
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EXECUTIVE SUMMARY 

This Northern Overburden Emplacement Facility (NOEF) cover system and landform design 

report has been prepared in support of the Environmental Impact Statement (EIS) currently being 

prepared by McArthur River Mine (MRM).   

MRM mines a large deposit of multi‐seam zinc‐lead‐silver ore bodies through the current open 

cut, and previously through underground extraction techniques.  The NOEF is located to the north 

of the open cut and Barney and Surprise creeks, and is the facility that will take all waste material 

classes produced from the open cut.  The main waste material classifications that will be placed in 

the NOEF include potential acid forming (PAF) and non-acid forming (NAF) materials with 

differing criteria. 

MRM NOEF Waste Placement Strategy: 

MRM are implementing a strategy whereby placement of waste in the NOEF, like the final closure 

cover system, is critical to closure performance.  This control for creating a physical environment, 

that addresses the risks presented by the reactive waste material to be placed within the NOEF, 

represents a fundamental shift in the typical approach to managing reactive mine waste in the 

mining industry. 

MRM’s waste placement strategy focuses on managing oxidation of sulfide minerals during waste 

placement. This results in limited stored oxidation products, and thus a reduced long-term 

reliance on a cover system as the “sole” means of managing seepage from the NOEF.  Managing 

oxidation of sulfide minerals involves strategic placement of run-of-mine (ROM) waste such that 

advective gas transport within the NOEF (i.e. oxygen transport) is limited because air flow 

capacity (air permeability) is controlled.  

Diffusion of gas (oxygen), as well as any ‘residual’ oxygen availability to sulfide minerals due to 

advection, was used to determine sulfide oxidation rates during waste placement, and following 

cover system construction. 

A cover system and landform that provides the necessary means of controlling net percolation 

and oxygen ingress, while accounting for wetting up and/or draining down during and following 

NOEF construction has been designed such that seepage, in combination with surface and 

groundwater management systems, will allow the site to meet closure objectives. 

MRM NOEF Landform: 

Figure ES.1 is a rendering of a southern perspective of the final NOEF landform. 
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Figure ES.1: Southern perspective of the final NOEF landform. 

Key features, or facets, of the NOEF landform include the following. 

 A peak height (on the top of the plateau area of the landform) of ~140 m. 

 A total 2D footprint area of ~511 ha. 

 A total 3D area of ~525 ha, consisting of ~128 ha of plateau (~25%) and ~397 ha of 
sloping outer batters (~75%). 

 Outer batter slopes that are nominally 130m in elevation from the crest to toe, and 
generally characterised as being “tri-linear concave”. 

 The trilinear concave profile has outer batter slopes that extend (from the crest) out at a 
2.5H:1V slope, then a 3.5H:1V slope and finally, a 4.5H:1V slope to the toe of the 
landform. 

 The nominal height and 2D length of the different slope sectors are: 

o 2.5H:1V “Upper” slope → H = 40 m, L = 100 m; 

o 3.5H:1V “ Mid” slope → H = 50 m, L = 175 m; and 

o 4.5H:1V “Lower” slope → H = 50 m, L = 225 m. 

 A plateau that is divided into several approximately equal sub-catchments to divide flows 
from the expansive plateau area. 

MRM NOEF Cover System: 

A cover system that utilises both the ‘moisture store-and-release’ and ‘barrier’ concepts is 

identified as the most suitable cover system for the NOEF.  The particular characteristics of these 

two cover system concepts are then manipulated to meet design criteria and objectives specific to 

the NOEF.  The conceptual model for MRM cover system performance is that reduction of both 

oxygen and water ingress are required to manage seepage from the NOEF.  Reduction of water 

ingress (discussed in terms of net percolation through the cover system) and reduction of gas flux 

(due to both diffusive and advective fluxes of oxygen into the NOEF) are the key performance 

attributes of the cover system. 
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The presence of an underlying lower permeability compacted clay layer (CCL, a ‘barrier’ layer) 

beneath a growth medium layer aids in reducing net percolation to the underlying NOEF material.  

The overlying growth medium layer provides for storage and release of infiltration for the majority 

of the time but the CCL is designed to limit net percolation when the overlying storage capacity is 

exceeded.  The overlying growth medium layer not only supports vegetation, but also protects the 

integrity of the CCL from potential damage due to various site-specific physical, chemical, and 

biological processes (e.g. wet-dry cycling).    

To address potential failure modes in the context of closure objectives, as well as meet design 

criteria arising from these closure objectives, the cover system design minimum true thicknesses 

for the NOEF landform are as follows. 

 Plateau Areas (from the finished surface down, overlying the final NOEF construction 
surface): 

o Topsoil – 0.1 m; 

o Alluvium material – 1.5 m 

o Breccia material (lateral drainage layer) – 0.5 m; and 

o A compacted clay layer – 0.5 m. 

 Embankment Areas (from the finished surface down, overlying the final NOEF 
construction surface): 

o Topsoil – 0.1 m; 

o Breccia material – 2.0 m; and 

o A compacted clay layer – 0.5 m. 

Risk Assessment and Meeting Closure Objectives: 

A Failure Modes and Effects Analysis (FMEA) risk assessment was conducted to inform 

engineering design priorities and assess risks to meeting closure objectives.  In general terms, 

the FMEA illustrated that the adaptive management phase of the short-term time frame (0 – 100 

years) facilitates rectifying any cover system and landform construction issues while maintenance 

and repair is conducted. 

The additional assessments and modelling conducted and reported herein, support the FMEA risk 

assessment in that the cover system and landform design failure modes and effects / pathways 

have been appropriately assessed and that risks associated with this aspect of the NOEF are 

manageable in the short-term (0 – 100 years) and long-term (100 – 1000 years). 

Table ES.1 illustrates the design facets that provide the means of meeting the relevant closure 

objectives.  The detail wording of the objectives can be found in Appendix B.  The comparison 

illustrates that all objectives are met, with the exception of those which are required to be 

confirmed by subsequent groundwater and surface water impact assessment.   
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Table ES.1: NOEF cover system and landform objectives and corresponding design facet to 
address the objective. 

Objective NOEF Cover and Landform Design Facet 
Objective 

Met 

#1 of 10 

 Waste material within the NOEF landform will be placed in such a 
manner that air flow capacity will be controlled. 

 Therefore, transport of poor quality pore-gas (e.g. low oxygen 
concentration and elevated carbon dioxide concentration) either upward, 
or downward will be managed. 



#1 of 10 

 While the final land use has not been established for the NOEF, either of 
the two land use alternatives will provide a safe and secure landform on 
the basis of the access resulting from the landform design and its 
associated features. 



#2 of 10 

 Geochemical stability of the NOEF landform is demonstrated through the 
quasi steady-state seepage rates and water quality that results from the 
NOEF waste placement strategy and the progressive rehabilitation 
approach for cover system placement. 

 

#2 of 10 

 Erosional stability of the NOEF in terms of maintaining cover system and 
landform functionality has been demonstrated through the strategic use 
of near surface materials, evaluation of anticipated vegetation conditions, 
a robust surface water management design and an adaptive 
management phase in the project life. 

 

#2 of 10 

 Stability of the NOEF landform in terms of sediment release and 
suspended solids in runoff water has not been demonstrated as yet. 

 This will be completed as part of surface water modelling completed for 
the EIS. 

 

#2 of 10 
 The NOEF landform has been shown to be geotechnically stable through 

preliminary stability analyses. 

 Additional analysis will be completed as part of the EIS. 
 

#3 of 10 
 The vegetation assessment, as well as the materials planned for 

placement at the surface of the NOEF landform, will provide the 
necessary “building blocks” to meet the two land use alternatives. 

 

#5 of 10 
 The groundwater and surface water modelling required to illustrate that 

this objective has been met is in progress, and hence achievement of 
this objective has not been demonstrated as yet. 
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1 INTRODUCTION 

This Northern Overburden Emplacement Facility (NOEF) cover system and landform design 

report has been prepared in support of the Environmental Impact Statement (EIS) currently being 

prepared by McArthur River Mine (MRM).  Following preparation of an EIS in 1992, development 

of MRM's underground operation commenced in 1994, with the first shipment of concentrate 

commencing in mid-1995.  Phase 2 of mining operations involved converting MRM to an open cut 

operation.  The Phase 2 environmental impact assessment (EIA) process was completed in 2006. 

An EIA of the MRM Phase 3 Development Project was completed in 2012, and approved by the 

Northern Territory (NT) Government in 2013.  That project involved expansion of the operation 

including increasing the size of the open cut, overburden emplacement facilities and tailing 

storage facility. 

MRM submitted a Notice of Intent (NOl) for the Overburden Management Project to the NT 

Environmental Protection Authority (NT EPA) in June 2014 for consideration under the 

Environmental Assessment Act.  MRM’s proposed project considered an alteration to the Phase 3 

Development Project under clause 14A of the Environmental Assessment Administrative 

Procedures. 

NT EPA reviewed the NOl, in consultation with the Northern Territory Government (NTG) as 

required by the Environmental Assessment Administrative Procedure and determined that MRM’s 

proposed action has been altered in such a manner that its environmental significance is 

changed.  Therefore, the NT EPA decided an EIS was necessary with respect to the proposed 

action; it is this EIS that the NOEF cover system and landform design reported herein has been 

prepared in support of. 

1.1 Site General Background 

MRM is an open cut zinc-lead-silver mining and concentrate processing operation.  The Project is 

located approximately 70 kilometres (km) south-west of the township of Borroloola, 120 km south 

of the Bing Bong concentrate storage and ship loading facility (Bing Bong) on the Gulf of 

Carpentaria, Northern Territory. 

Average monthly rainfall and potential evaporation for the site, based on a 125 year climate 

database, are 715 mm and 1989 mm, respectively.  Based on the Köppen-Geiger system, MRM 

is classified as a hot arid steppe (BSh) climatic region.  Climate change projections for the area 

around the site provided in the WRM (2016) report indicate the MRM site may become drier; but 

this would not change its Köppen-Geiger classification. 

Topography in the area of the MRM site consists generally of undulating terrain with scattered low 

steep hills.  Vegetation in these bioregions is largely dominated by Eucalyptus woodlands in the 

north, and Eucalyptus open woodlands with small pockets of Melaleuca and Acacia species in the 

south. 
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The mine targets a large deposit of multi‐seam zinc‐lead‐silver ore bodies through the current 

open cut, and previously through underground extraction techniques.  The NOEF is located to the 

north of the open cut and Barney and Surprise creeks and diversion channels, and is the facility 

that will take all material classes produced from the open cut.  The main waste material 

classifications that will be placed in the NOEF include potential acid forming (PAF) and non-acid 

forming (NAF) materials with differing criteria, as summarised in Table 1.1. 

Table 1.1: Description of waste material types for placement into the NOEF. 

NPR Sulphur  Metals  Class  Description  Handling  

NPR ≥ 2  S < 1%  

Zn < 

0.12 %  

and  Pb < 

0.04%  

and  

As<40 ppm  

And  

Cd<10 ppm  

LS-

NAF(HC) 

Low Salinity High Capacity NAF. 

Material considered at low risk of 

generating Acid and Metalliferous 

Drainage. Generally 

characterised by a high acid 

consumption capacity. 

This material is considered 

environmentally acceptable 

and suitable for placement in 

environmentally sensitive areas 

such as the OEF outer cover.   

NPR ≥ 2  S ≥ 1%  

Zn ≥ 0.12 % 

or  

Pb ≥ 0.04% 

or  

AS ≥ 40 ppm   

Or 

Cd≥ 10% 

MS-

NAF(HC) 

Metalliferous Saline High 
Capacity NAF. Material 
considered at low risk of 
generating Acid Drainage but 
higher risk of generating Saline 
Metalliferous drainage.  

Generally characterised by a high 

acid consumption capacity 

This material is not considered 

environmentally benign and 

requires some form of 

encapsulation and water 

management strategy.   

1 ≤ NPR 

< 2  
N/A  N/A  

MS-

NAF(LC)  

Metalliferous Saline Low Capacity 
NAF. Material considered at low 
risk of generating Acid Drainage 
but higher risk of generating 
Saline Metalliferous drainage.  

While non-acid forming, this 

material is likely to provide limited 

acid consumption capacity.   

This material is not considered 

environmentally benign and 

requires some form of 

encapsulation and water 

management strategy.  

NPR < 1  N/A  N/A  PAF(HC)  

High Capacity PAF. Material 

considered at risk of generating 

an acid drainage. 

Samples classed as undefined 

according to the DITR 2007 

classification are included in the 

PAF(HC) category at MRM.   

This material is not considered 

environmentally benign and is 

likely to require some form of 

encapsulation and water 

management strategy 

NPR < 1  

S ≥ 10%  

and   

BbH  

N/A  PAF(RE)  

Reactive PAF Material 

considered at high risk of 

generating Acid Drainage, and at 

high risk of self-heating which 

may progress into spontaneous 

combustion.   

This material is not considered 

environmentally benign. It 

requires encapsulation and is 

likely to require specific 

additional handling strategies 

to prevent the onset of 

spontaneous combustion.   

Figure 1.1 is an aerial photograph of the site showing key elements, or domains, at MRM.  These 

include the open cut, shown in the foreground and to the south, the NOEF to the north, and the 
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tailings storage facility (TSF) to the west-northwest of the open cut.  Situated between the NOEF 

and the open cut is Barney Creek Diversion, which provides for flow from Barney Creek to the 

west, through the site, and then to the east and flowing into McArthur River.  Surprise Creek, 

which runs from the northwest, passes in close proximity to the TSF, before flowing into Barney 

Creek Diversion. The McArthur River Diversion runs to the east of the open cut, outside a flood 

protection levee. 

 

Figure 1.1: Aerial photograph providing a site overview as of mid-2015. 

1.2 NOEF General Background 

Construction of the NOEF began in 2008 when the South PAF Runoff Dam (SPROD) was 

constructed; and was re-lined during the 2009 dry season.  NOEF base preparation consisted of 

topsoil stripping only; underlying sediments including clays were left in situ.  Above this, a NAF 

base was constructed by dumping undifferentiated NAF materials in 2m to 3m lifts to an elevation 

above the 1:100 year Average Recurrence Interval (ARI) flood level.  A clay liner was constructed 

between the NAF base and the overlying PAF cell using clayey alluvials from the open cut  at a 

minimum thickness of 600 mm, but was most often at least 1m. 

Appendix A provides further details on the historical construction of the NOEF to date.   
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1.3 Report Organisation 

For reference, this report has been subdivided into the following sections: 

 Section 2 – NOEF Cover System and Landform Design Performance; 

 Section 3 – Summary of Climate Conditions; 

 Section 4 – Summary of Material Properties; 

 Section 5 – Vegetation for NOEF Cover System and Landform; 

 Section 6 – Summary of Cover System Design; 

 Section 7 – Summary of Landform Design; 

 Section 8 – NOEF Conceptual Design for Surface Water Management; 

 Section 9 – Evaluation of Cover System and Landform Performance; and 

 Section 10 – References. 
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2 NOEF COVER SYSTEM AND LANDFORM DESIGN PERFORMANCE 

2.1 Cover Systems and Landforms in General 

Evaluating a single structure within a landscape is often referred to as landform design, and is a 

fundamental consideration when designing cover systems for reactive material storage.  

Landform design depends on climate, geology, soils, local hydrogeological setting, topography, 

constructability and final land use.  The priorities of landform design are to create a stable 

landform and have the landform meet slope and shape criteria determined by land-capability 

requirements (note that the phrase “stable” is subsequently defined in this section).  

Landforms and cover systems require integration, as the design, construction, and performance 

of each facet is dependent on the other.  The purpose of a cover system is reclamation of a mine 

waste storage facility to provide a stable, reliable and sustainable engineered interface between 

the receiving environment and the mine waste.  In general, a cover system supports land uses at 

closure by providing a “growth medium” for establishing vegetation and ecosystems.  Specifically 

for reactive material, cover systems are typically designed to meet net percolation (NP) and/or 

oxygen (O2) ingress criteria, which are developed based on needs of the waste storage facility to 

manage seepage in the context of site wide closure. 

2.2 NOEF Waste Placement and the NOEF Cover System and Landform 

MRM are implementing a strategy whereby placement of waste in the NOEF, like the final closure 

cover system, is critical to closure performance.  This control on creating a physical environment, 

that addresses the risks presented by the reactive waste material to be placed within the NOEF, 

represents a fundamental shift in the typical approach to managing reactive mine waste in the 

mining industry.  To OKC’s knowledge, there are very few mining operations in the world that 

have committed, or are planning to commit, to managing remotely similar volumes of reactive 

waste with such a high level of control in order to manage production of stored oxidation products 

during operation. 

Details of MRM’s NOEF waste placement strategy are provided in OKC 2016
3
. 

In brief, MRM’s waste placement strategy focuses on managing oxidation of sulfide minerals 

during waste placement, which therefore results in limiting stored oxidation products, and thus 

reducing long-term reliance on a cover system as the “sole” means of managing chemical loads 

from the NOEF.  Restricting oxidation of sulfide minerals involves strategic placement of run-of-

mine (ROM) waste such that advective gas transport within the NOEF (i.e. oxygen transport) is 

limited because air flow capacity (air permeability) is controlled.  The primary air flow mechanism 

being addressed by utilising this strategy is air flow as a result of convection, which results from a 

temperature differential within, and external, to the NOEF.  

Diffusion of gas (oxygen), as well as any ‘residual’ oxygen availability to sulfide minerals due to 

advection, is then used to determine sulfide oxidation rates during waste placement, and following 

cover system construction. 
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A complicating factor for MRM is the “existing” NOEF, which, in a sense, can be argued to be a 

legacy feature for the EIS as it was not constructed to the level of control that is planned for future 

waste placement in the NOEF.  In short, gas transport during and following waste placement in 

the existing NOEF has resulted in stored oxidation products and the current internal moisture 

conditions (i.e. state of wetting up of the waste material).  Hence, the same assessment tools and 

approach used for optimising waste placement in the ongoing NOEF LOM development, were 

used to evaluate conditions in the existing NOEF, in order to understand seepage characteristics 

for the NOEF as a whole.  This assessment included characterisation of the existing NOEF waste 

material, drilling and monitoring of the existing NOEF, and development of a “biography” of the 

construction of the NOEF so as to inform on physical and geochemical modelling inputs. 

Details of MRM’s evaluation of the existing NOEF are provided in OKC 2016
3
. 

A cover system, and landform design, that provides the necessary means of controlling NP and 

O2 ingress, while accounting for wetting up and/or draining down during and following NOEF 

construction has been designed such that seepage will allow for the site to meet closure 

objectives when combined with surface and groundwater management strategies.   
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2.3 Evaluating NOEF Performance in the Context of Mine Closure 

Performance of the NOEF cover system and landform in the context of mine closure is measured 

against the site’s closure objectives.  MRM’s December 2015 Draft Closure Objectives, included 

as Appendix B, were used as a basis for setting ten (10) site specific closure objectives, which 

were developed during a Failure Modes and Effects Analysis (FMEA) workshop in May 2016 

(OKC 2016
2
).  Closure objectives specific to the NOEF cover system and landform are provided in 

Table 2.1.  Table 2.2 lists the objective, together with design facets of the NOEF, and NOEF 

cover system and landform design, which provide the means in which the closure objectives are 

achieved.  

Table 2.1: MRM closure objectives specific to NOEF cover system and landform design. 

Objective Description 

#1 of 10: 

 Post mining landscape will be left in a condition safe and secure for humans and 
animals; 

o Safe and secure for short-term (0-100 years); and 

o Safe for long-term (100-1,000 years). 

#2 of 10: 

 Construction of stable landforms that are compatible with post mining land use; 

o Stability pertains to geotechnical, erosional, and geochemical stability; 

 Geotechnical stability; maintainable at these standards: 

i. NOEF: Maximum Design Earthquake (MDE) – 1 in 1,000 year event; 

 Erosional stability; maintainable for these aspects: 

i. Cover system and landform to maintain functionality; 

ii. Sediment release from erosion does not adversely impact on water 
quality; 

iii. Erosion does not affect functionality of the landform; and 

iv. Resulting suspended solids can be mitigated. 

 Geochemical stability; defined / managed / monitored: 

i. Seepage water quality  

#3 of 10: 

 Landform will host suitable vegetation for post-mining land use; 

o For traditional land use areas: 

 Have similar environmental values as surrounding areas; and 

o For cattle grazing land use areas: 

 Grasslands. 

#5 of 10: 

 Manage surface water and groundwater such that environmental values and 
ecosystems are maintained downstream of the lease boundary in the short term 
(0-100 years), and within the McArthur River diversion in the long term 
(100-1,000 years). 
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Table 2.2: NOEF cover system and landform objectives and corresponding design facet to 
address the objective. 

Objective NOEF Cover and Landform Design Facet 
Objective 

Met 

#1 of 10 

 Waste material within the NOEF landform will be placed in such a 
manner that air flow capacity will be controlled. 

 Therefore, transport of poor quality pore-gas (e.g. low oxygen 
concentration and elevated carbon dioxide concentration) either upward, 
or downward will be managed. 



#1 of 10 

 While the final land use has not been established for the NOEF, either of 
the two land use alternatives will provide a safe and secure landform on 
the basis of the access resulting from the landform design and its 
associated features. 



#2 of 10 

 Geochemical stability of the NOEF landform is demonstrated through the 
quasi steady-state seepage rates and water quality that results from the 
NOEF waste placement strategy and the progressive rehabilitation 
approach for cover system placement. 

 

#2 of 10 

 Erosional stability of the NOEF in terms of maintaining cover system and 
landform functionality has been demonstrated through the strategic use 
of near surface materials, evaluation of anticipated vegetation conditions, 
a robust surface water management design and an adaptive 
management phase in the project life. 

 

#2 of 10 

 Stability of the NOEF landform in terms of sediment release and 
suspended solids in runoff water has not been demonstrated as yet. 

 This will be completed as part of surface water modelling completed for 
the EIS. 

 

#2 of 10 
 The NOEF landform has been shown to be geotechnically stable through 

preliminary stability analyses. 

 Additional analysis will be completed as part of the EIS. 
 

#3 of 10 
 The vegetation assessment, as well as the materials planned for 

placement at the surface of the NOEF landform, will provide the 
necessary “building blocks” to meet the two land use alternatives. 

 

#5 of 10 
 The groundwater and surface water modelling required to illustrate that 

this objective has been met is in progress, and hence achievement of 
this objective has not been demonstrated as yet. 

 

2.4 Linking Cover System Design to Landform Design 

Cover system and landform design, construction, and performance are intimately linked as a 

result of a number of key facets of performance.  Each of these are related to, in multiple different 

ways, net percolation, oxygen ingress, and erosion (sometimes referred to as “landform stability”).  

There are numerous other examples of these “linkages”.     
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Notwithstanding site-specific climate conditions, key facets that influence these linkages, include, 

but are not limited to: 

 Vegetation development and its influence on; 

o Net percolation; 

o Erosion rates; and 

o Meeting land use commitments as documented in closure objectives; 

 Slope angles / lengths / transitions and their influence on; 

o Surface runoff rates; 

o Erosion rates; and 

o Meeting land use commitments as documented in closure objectives; 

 Near surface material texture and its influence on: 

o Surface runoff rates; 

o Water holding capacity for vegetation water use; 

o Net percolation rates; 

o Oxygen ingress rates; and 

o Erosion rates; 

 Contrasts in material texture within the cover system profile its influence on and by: 

o Lateral diversion capacity; 

o Enhancing water holding capacity for vegetation water use; 

o Net percolation rates; 

o Oxygen ingress rates; and 

o Slope angles / lengths. 

Subsequent sections within this report address many, if not all, of these cover system and 

landform design linkages.  For example, Section 5 discusses vegetation development in the 

context of climate conditions and materials, the latter of which is discussed in Section 4.  In turn, 

for the same materials and climate conditions, predictions of net percolation are provided in 

Section 6.  Erosion rates (landform stability) are discussed in Section 7, in the context of the 

vegetation, materials, and runoff conditions as discussed in Sections 4, 5, and 6.   

The upper section of the cover system is influenced by pore water pressure conditions.  The 

geomechanical aspects of the system are discussed separately from this report and underpin the 

slope performance. 
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3 SUMMARY OF CLIMATE CONDITIONS 

A 125-year climate database for the location of the MRM site (16.45° S, 136.10° E) was 

developed based on historic data representative of site conditions from 1 May, 1889 to 30 April, 

2015 (using a SILO data drill).  Potential evaporation (PE) data was provided in the SILO data 

drill, and estimated using the Food and Agriculture Organization (FAO) of the United Nations’ 

method; referred to as FAO56 (FAO, 1998).  Areal actual evapotranspiration data (AET) for each 

month were estimated based on gridded datasets also provided on the Bureau of Meteorology 

(BoM) website.  Table 3.1 provides the monthly average climate conditions for the site based on 

the database. 

The 125-year climate database was looped into a 1,000-year climate database for modelling 

predictions. 

Table 3.1: Monthly and annual climate averages for 125-year climate database 
developed for MRM. 

Month Temperature (°C) Relative Humidity (%) Rainfall PE AET* 

 Max Min 9 AM 3 PM (mm) (mm) (mm) 

January 35.8 24.8 90.0 49.0 188 173 118 

February 35.0 24.5 92.7 52.0 172 147 104 

March 34.7 23.2 92.6 49.6 141 159 104 

April 34.2 20.3 87.2 40.1 32 155 44 

May 31.9 16.5 82.6 33.7 7 144 22 

June 29.4 12.7 82.5 30.8 5 126 17 

July 29.3 12.0 81.0 28.9 1 136 16 

August 31.6 13.5 80.6 27.8 0 160 16 

September 34.6 16.9 82.0 29.7 3 181 30 

October 37.2 20.9 80.7 32.2 14 209 60 

November 38.1 23.9 80.5 36.3 42 204 74 

December 37.5 24.9 85.9 42.8 109 195 95 

Annual 34.1 19.5 84.8 37.7 715 1989 700 

*AET from BOM website which estimates regional evapotranspiration rates; will vary based on cover system performance. 

Figure 3.1 provides the cumulative deviation from the mean annual rainfall, and shows the site 

has experienced extended periods of drying, but is currently in an extended wetting period 

(although not included in the graph, the 2015 model year was also wetter than average with 800 

mm of rainfall). 

3.1 Climate Change 

Climate change projections for MRM were developed based on the principles presented in WRM 

(2016).  Predictions are for the climate at MRM to have a 1°C to 5°C increase in temperature and 

potentially a decrease in rainfall over the next century (although there is low confidence in 
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projected rainfall changes).  The 1,000-year MRM climate database was adjusted based on the 

principles in the WRM (2016) report. 

Figure 3.1: Annual precipitation (PPT) and cumulative deviation from the mean from 125-year 
climate database developed for MRM. 
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4 SUMMARY OF MATERIAL PROPERTIES 

4.1 NOEF Growth Medium Cover System and Landform Materials 

The near surface, or growth medium, materials required to construct the NOEF cover system and 

landform should provide functionality for:  

1) Sufficient plant available water holding capacity for the end land use vegetation 

conditions;  

2) Managing erosion to acceptable levels (in concert with vegetation establishment); and 

3) Protecting underlying finer-textured layers from physical, chemical, and biological 

processes that will substantially alter its functionality (e.g. provide protection from wet-dry 

cycling and therefore desiccation of a finer-textured compacted clay layer). 

Specific material properties govern how the cover system and landform will perform based on the 

criteria set for the three aspects listed.  Each of the above aspects are considered in the selection 

of materials for cover system and landform design.  Appendix C provides material hydraulic 

property details for each material, including water retention curves (WRC) and hydraulic 

conductivity functions (k-function). 

Potential growth medium cover system materials were examined and classified by lithology 

correlated to geochemical classification, and placed in two general groups: 

 Waste rock (Breccia and Shale); 

 Alluvium and Topsoil. 

These groups are broken out in Table 4.1 with the description based on erosion flume testing. 

Table 4.1: Description of growth medium material used in cover system design. 

Material Description and Comments 

Breccia 

 Material contains high rock content. 

 High infiltration capacity. 

 Minimal runoff expected. 

 Very good properties for managing erosion rates. 

 Good resistance to weathering. 

Shale 

 Material contains a high rock content. 

 High infiltration capacity. 

 Minimal runoff expected. 

 Good properties for managing erosion rates, dependent on weathering. 

 Poor resistance to weathering. 

Alluvium 

 Less erodible soil material (coarser textured spectrum of range of material). 

 Use with caution on slopes. 

 Likely to easily rill. 

Topsoil 

 Highly erodible material without presence of good vegetation ground cover. 

 Use with caution on slopes. 

 Likely to easily rill 
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Figure 4.1 shows the texture classification ranges estimated for waste rock based on the field 

data and estimated potential segregation during placement and evolution with time. 

 

Figure 4.1: Textural triangle of all known MRM samples with estimated waste rock texture 
ranges (coarser, intermediate, and finer-textured classifications). 

As with the waste rock, the alluvium and topsoil samples are plotted on a textural triangle and 

have been subdivided by texture ranges (Figure 4.2).  The texture of the alluvium and topsoil 

samples have been subdivided into four topsoil and alluvium texture classes: clay; clay/sand; 

sand; and cobbles and gravel. 
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Figure 4.2: Textural triangle of topsoil and alluvium samples. 

4.2 Lower Permeability Layer for NOEF Cover System 

For context, OKC considers a material to be “low permeability” if the material has a saturated 

hydraulic conductivity (ksat) of 1 x 10
-7

 cm/s (10
-9

 m/s), or less.  The lower permeability layer, or 

compacted clay layer (CCL), component of the NOEF cover system should provide functionality 

for:  

1) Sufficient water retention capability to maintain tension-saturation conditions such that 

oxygen ingress is managed to the required rate; 

 In general, tension saturation conditions occur when the material’s air-entry-value 

(AEV) is not exceeded (i.e. suction is less than the AEV for the material); 

2) Sufficient clay and clay sized particles, as well as appropriate clay mineralogy to achieve 

the required saturated hydraulic conductivity; and 

3) Sufficient constructability characteristics to be placed with the necessary shear strength 

(density) for anticipated in-service conditions. 

The textural triangle shown in Figure 4.2 is used to characterise the texture of the clay borrow 

materials.  The sides of the textural triangle are scaled for the percentage of cobble and gravel, 

sand, and silt and clay-size particles based on the Unified Soil Classification System.  The texture 

of the potential materials used for the lower permeability layer of the NOEF cover system tend to 

plot in two distinct textural classes, as either gap-graded, or well graded.  Gap-graded samples 
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plot along the perimeter of the textural triangle and consist of approximately 40 to 99% clay and 

silt separate with the residual primarily composed of a sand separate.  The well-graded material is 

approximately 40% sand and 40% cobble and gravel with the residual consisting of the clay and 

silt separate.  Materials considered for a CCL should have a minimum of 30% clay and silt 

separate to meet typical hydraulic conductivity specifications, which is represented by the black 

dashed line on Figure 4.2 (Daniel 1990).  The majority of the potential materials to be used for the 

lower permeability layer of the NOEF cover system exceed this guideline. 

Particle size distribution testing alone is not a sufficient parameter for ensuring a low permeable 

layer (Bonaparte et al. 2002, Daniel and Koerner 2007).  Atterberg Limit testing provides 

additional characterisation and insight to the suitability of the material as a low permeable CCL.  

Figure 4.3 presents the plasticity index (PI) and liquid limit (LL) potential of NOEF low permeability 

cover system material.  The Atterberg Limit testing characterises the samples as medium to high 

plasticity clay.  The samples plot uniformly, suggesting a homogeneous clay minerology, and also 

plot above the A-Line indicating active clay minerals such as montmorillonites and illites are 

present.  All of the samples have a plasticity index greater than ten, which typically indicates the 

material can be compacted to achieve a hydraulic conductivity of ≤1 × 10
-9

 m/s (Daniel and 

Koerner 2007), provided it is placed and compacted appropriately. 

 

Figure 4.3: Plasticity index and liquid limit for potential NOEF low permeability cover system 
material. 

Saturated hydraulic conductivity testing completed by MRM on approximately 130 samples 

indicates a range of 1 x 10
-11

 to 3 x 10
-9

 m/s.  Laboratory tests are used to demonstrate that 

materials are suitable for CCLs and that under reasonable compaction in the field, the desired 

hydraulic conductivity can be achieved.  While 130 samples may be considered excessive, MRM 

have a unique database of index tests and permeability measurements that will augment the 

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60 70 80 90 100

P
la

s
ti

c
it

y
 I

n
d

e
x

 (
%

)

Liquid Limit (%)

KCB Drilling

Hatch

OKC Topsoil

OKC Alluvium

UoN Alluvium

UoN Topsoil

OKC 2006

Medium Plastic 
Inorganic Clays

Low Plastic Inorganic 
Clays; Sandy and Silty Clays

Silty Clays; 
Clayey Silts and Sands

Inorganic Clays 
of High Plasticity

Micaceous or Diatomaceous 
Fine Sandy and Silty Soils; 
Elastic Silts; Organic Silts, 

Clasy and Silty Clays

Inorganic and Organic Silts 
and Silty Clays of Low 

Pasticity; Rock Flour; Silty 
of Clayey Fine Sands



Glencore - McArthur River Mining Pty Ltd 
NOEF Cover System and Landform Design, in Support of the, EIS Submission 16 

O’Kane Consultants 16 December 2016 
750/15-01 

development of a robust quality control and assurance construction plan for the low permeability 

layer of the NOEF cover system.  The effort of testing reflects a duplication for a range of material 

textures, densities and water contents allowing for future testing to be limited to index tests. 

Further details on test results are provided in Appendix C; however, for reference Figure 4.4 

shows the saturated hydraulic conductivity of fourteen clay (clayey) samples clay prepared at the 

optimum water content
1
. 

 

Figure 4.4: Saturated hydraulic conductivity of MRM NOEF cover system low permeability 
samples prepared at the optimum water content. 

                                                      
1
 The optimum water content (OMC) of a material is the water content at which a maximum dry unit weight can be 

achieved for a given compaction effort.  Typically, for materials with PIs and LLs similar to the MRM NOEF clay (clayey) 
cover material, the lowest possible ksat is achieved by compacting the material “wet” of the OMC.  Hence, the test 
results shown in Figure 4.4 could be considered to be higher than what could be achieved in the field because they are 
compacted at the OMC.  However, consideration for practicality of compacting wet of the OMC must be included in 
setting a compaction water content because as the material is wetted, it becomes more challenging to compact due to 
bearing capacity issues.  Note also that OKC generally considers it prudent to assume a one-order of magnitude 
increase in ksat for field conditions, as compared to that which can be achieved for laboratory conditions. 
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5 VEGETATION FOR NOEF COVER SYSTEM AND LANDFORM 

OKC 2016
4
 provides a detailed assessment of the anticipated effects on NOEF cover system 

performance in terms of erosion and growth medium material interactions as a result of the 

presence of vegetation.  A summary of this detailed assessment is provided within this Section. 

5.1 Conceptual Model for Vegetation - Discussion 

MRM is located at the interface of the Gulf Fall Uplands and Gulf Coastal bioregions.  Vegetation 

in these bioregions is largely dominated by Eucalyptus woodlands in the north, and Eucalyptus 

open woodlands with small pockets of Melaleuca and Acacia species in the south. 

Plant communities likely to establish on GM materials should possess the physiological and 

morphological adaptations that allow them to cope with the hydrogeological characteristics of the 

GM materials used.  If plant adaptations are matched with the appropriate GM, plant 

establishment success should increase over the short and long-term.  Because the NOEF cover 

material may contain finer-textured (alluvium) and coarser-textured (Breccia) textured materials it 

is important to consider the plant communities most appropriate to each material type.  

Communities more likely to establish on finer-textured materials are lowland woodland 

communities, while those more likely to establish on coarser-materials are upland communities, 

which predominantly occur on coarse sandstone and rocky hills. 

The net effect of vegetation on reducing erosion and increasing slope stability is typically positive.  

The contributions of vegetation to slope stability and soil erosion can be described as mechanical 

and hydrological in principle.  The physical interaction of either the foliage or root system with the 

soil and slope are mechanical, while hydrological mechanisms are processes that include plant 

water use (transpiration) and water movement on plateaus and slopes. 

Studies world-wide broadly agree that the overall relationship between plant cover and erosion 

can be described as the exponential decline in erosion with increasing percent plant cover, and 

that for most vegetation types a cover of at least 30% is required to see statistically significant 

reductions in erosion.  Some studies have shown that the minimum plant cover required to attain 

statistically significant erosion reductions may very between vegetation types, a cover of at least 

30% for shrubs and at least 47% for grasses has been identified by Quinton et al. (1997) and 

Loch (2000), respectively. 

Plant cover can significantly reduce run-off from slopes and results in ecohydrological feedbacks 

into the system.  Vegetation is capable of trapping and storing significant amounts of run-off water 

as run-on, resulting in deeper wetting below vegetation patches, and plant growth pulses 

compared to inter-patches.  Plant cover also aids in trapping sediments in run-off water.  These 

factors are important when considering suspended sediments in run-off may be mobilised from 

disturbed slopes, and discharged into creeks affecting water quality and biota.   
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5.1.1 Breccia Material as a Growth Medium 

The coarser-textured nature of the breccia may increase the likelihood of roots searching for 

water in wet zones deeper in the GM due to its relatively higher ksat and lower water holding 

capacity.  The lower water holding capacity of breccia under high suction will likely make plant 

establishment and survival more challenging due to water limitation, especially under dry 

conditions.  Plants may overcome the effects of high ksat and low moisture contents under drying 

conditions by developing higher root to leaf area ratios and placing their roots in wetter zones 

deeper in the GM.  

It is hypothesised that, relatively speaking, more rainfall will infiltrate into the GM rather than 

running off or ponding as a result of the breccia’s higher ksat and lower water holding capacity.  

Deeper wetting and temporary perched conditions may exist above the CCL during high intensity 

rainfall conditions, although for sloping surface conditions this water should divert laterally and not 

be present for any substantive length of time.  Regardless however, it is acknowledged that for 

the breccia material as a GM layer deeper roots development should be expected, particularly 

during dry climate conditions. 

Plant species most likely to establish on a Breccia GM are those typically found on naturally 

coarser-textured soils in the MRM area, such as those occurring in upland communities.  Species 

from this community type likely poses the morphological and physiological adaptation for growing 

on coarse soils, such as deeper roots and higher cavitation resistance. 

5.1.2 Alluvium Material as a Growth Medium 

In a GM layer comprised of alluvium, plant root depth may be shallower due to higher soil water 

content over a broader range of soil water potentials as a result of smaller pore spaces, shallower 

wetting, and impedance to root penetration.  The smaller and more abundant pore spaces in 

alluvium hold water at more negative pressures under drying conditions.  The alluvium material’s 

higher water holding capacity under high suctions and lower ksat are likely to benefit plant 

establishment and survival due to greater plant available water.  However, during initial stages 

before vegetation is established and once the alluvium is saturated, runoff and ponding may 

ensue. 

Plant species most likely to establish on an alluvium GM are those typically found on naturally 

finer-textured soils in the MRM area, such as those occurring in lowland woodland communities.  

Using lowland woodland community species for re-vegetation, it may be possible to utilise species 

morphological and physiological adaptations for growing on fine soils.  Plants growing on finer-

textured soils are better adapted to removing water from soils at more negative soil water 

potentials due to the ability to reduce their leaf water potential when moisture is limiting; this also 

reduces their need for deep roots. 
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5.2 Conceptual Model for Vegetation – General Application 

For the NOEF cover system, the relationship developed by Loch (2000) was used to produce 

three plant cover scenarios (Low, Medium, and High) to describe cover development over time 

and its effect on erosion reductions for modelling.  The “Low” to “Medium” plant cover scenario 

represents the initial (0 – 30 year) range of the short-term adaptive management phase as 

described in OKC 2016
2
.  The “High” cover scenario represents the latter (30 – 100 year) range of 

the adaptive management phase of the short-term time frame, and arguably also the long-term 

timeframe although vegetation cover should increase slightly over this time. 

The majority of roots responsible for extracting water (lateral roots) are typically confined to the 

upper 1 m of a soil profile.  A depth of 6 m is the best estimate of typical maximum tap / sinker 

root depth for mature trees in the Gulf Fall Uplands at MRM.  This depth is more representative of 

mature trees time scales greater than 30 years (but still within the adaptive management phase of 

the short-term time frame).  The estimate of mature roots per tree able to penetrate up to 

approximately 6 m in depth within a 10 – 20 m radius is 2 – 16.5 roots/tree; however, depth will 

vary according to site specific hydrological and edaphic factors.  Root depth development during 

the initial adaptive management short term time scale (0 to 30 years) will vary markedly due to 

site specific edaphic, biological and species factors.  Thicker covers with adequate moisture 

holding capacity, or covers with more finer-textured materials capable of holding water at more 

negative soil water potentials may be better able to buffer between seasonal shifts in plant 

available water and satisfying plant moisture requirements, thus reducing the potential for deep 

rooting of tree species. 

5.3 Conceptual Model for Vegetation –Application to Cover System and 
Landform Modelling 

The vegetation cover scenarios used as input to model cover system and landform performance, 

as reported in Sections 6 and 7, during the initial adaptive management short-term time frame  

(0-30 years) and the latter adaptive management short-term time frame (30 – 100 years) are 

described below. 

  Low Vegetation Cover Scenario (nominal represents the 0 – 15 year time frame): 

o Vegetation cover ranging from 5 – 15%; 

o Represents a 32 – 68% (28 to 13 t/ha ) reduction in erosion from bare soil 
(~40 t/ha) due to vegetation; 

 Medium Cover Scenario (nominally represents the 15 – 30 year time frame): 

o Vegetation cover ranging from 30 – 40%; 

o Represents a 90 – 95% (4 to 2 t/ha ) reduction in erosion from bare soil 
(~40 t/ha) due to vegetation; 

 High Cover Scenario (nominally represents the > 30 year time frame): 

o Vegetation cover ranging from 60 – 70%; 

o Represents a 98 – 99% (0.5 to 0.2 t/ha ) reduction in erosion from bare soil 
(~40 t/ha) due to vegetation;   
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5.4 Closure Objectives and Vegetation for Post-Mining Land Use 

Achieving closure objectives #3 of 10 in the context of cover system performance, is discussed 

below. 

5.4.1 Achieving Closure Objective #3 (Post-Mining Land Use) 

Closure objective #3 is as follows: 

 Landform will host suitable vegetation for post-mining land use; 

o For traditional land use areas; 

 Have similar environmental values as surrounding areas: 

o For cattle grazing land use areas; 

 Grasslands. 

In the context of the vegetation anticipated on the NOEF landform and cover system contributing 

to meeting closure objective #3, it is noted that the land use for the NOEF has not been finalised.  

However, in the absence of this key closure aspect, the vegetation assessment summarised 

herein indicates that in order for the NOEF landform and cover system, as whole, or for specific 

areas, to be suitable for traditional land use and have environmental values similar to surrounding 

areas within the short-term timeframe (0-100 years), then alluvium will need to be placed at the 

surface as a growth medium layer.  This should provide a sufficient “building block”, plant 

available water holding capacity to allow for species that possess similar environmental values as 

surrounding areas to establish in the short-term timeframe. 

Alluvium material as a growth medium material would enhance the ability, and shorten the time 

frame for grasslands to establish, in the event an area of the NOEF landform was to be set aside 

for cattle grazing.  Breccia material as a growth medium could still be used for this post-mining 

land use, but it will require an extended time frame (for example, well into the adaptive 

management phase of the short-term time frame) before sufficient vegetation would establish for 

cattle grazing. 
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6 SUMMARY OF COVER SYSTEM DESIGN 

6.1 Cover Systems in General 

Cost optimisation is a key consideration when evaluating cover system designs for managing 

AMD, as well as alternative management options.  However, cover systems provide value beyond 

the cost estimates associated with solute loading, many of which address site-specific regulatory 

and closure commitments.  These benefits might include: 

 Providing a growth medium for establishment of vegetation; 

 Suppressing dust emission and controlling surface erosion; 

 Advancing final land reclamation (i.e., ecosystem restoration, wildlife habitat, biodiversity); 

 Creating more aesthetic landscapes; 

 Enhancing site safety for both humans and wildlife; and 

 Reduced long-term risk. 

OKC classifies different cover systems using the following general categories: 

 Erosion-protection systems; 

 Store-and-release systems; 

 Enhanced store-and-release cover systems (e.g., enhanced with a lower permeability 

layer, a capillary break, and/or an engineered seasonally frozen capillary break diversion); 

 Barrier-type systems (e.g., compacted soil or permanently frozen layer); 

 Cover systems with engineered layers (e.g., geosynthetic, or geomembrane layers); and 

 Saturated soil or rock cover systems. 

A cover system should be evaluated on a continuum of performance values, with differing 

dominant mechanisms achieving design criteria depending on the unique set of conditions of a 

site.  As a result, a particular cover system may fall into more than one category.  For example, all 

cover systems provide a degree of erosion protection, and a system with a growth medium 

overlying a geomembrane can also serve as a store-and-release cover system, with this latter 

mechanism dominating the cover system water balance for much of the year. 

6.1.1 Managing Net Percolation and Oxygen Ingress 

The term ‘net percolation’ (NP) is used in this report and is defined as follows.  Meteoric water 

that reaches the cover system surface will either be intercepted by vegetation, runoff, or infiltrate 

into the surface.  A portion of the water that infiltrates will be stored in the ‘active zone’ and 

subsequently exfiltrate back to the surface and evaporate or be removed by transpiration.  The 

infiltration can also move laterally downslope within and below the active zone as lateral 

percolation, or ‘interflow’.  A percentage of the infiltrating water will migrate beyond the active 
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zone as a result of gravity overcoming the influence of atmospheric forcing (i.e. evaporation) and 

result in NP to the underlying waste material. 

Oxygen can migrate across the cover system through advection and diffusion.  The diffusion 

coefficient through a dry soil is nearly four orders of magnitude greater than for a saturated soil 

(MEND, 2001).  Therefore, by maintaining a layer with a high degree of saturation, oxygen 

diffusion can be greatly reduced.  The degree of saturation of the material is a function of the 

response of the cover system to atmospheric forcing (i.e. infiltration and evapotranspiration) as 

well as the hydraulic conditions of the underlying material.  The diffusion of oxygen through a soil 

layer will be greatly reduced if the degree of saturation remains greater than 85% to 90% year-

round 

(Nicholson et al. 1989; Mbonimpa et al. 2003). 

Managing advective transport of oxygen across a cover system requires that airflow capacity is 

minimised, which typically requires maintenance of a low air permeability layer.  Required air 

permeability characteristics are summarised in OKC 2016
3
; in general however, a layer within a 

cover system that maintains a bulk air permeability of 1 x 10
-11

 m
2
 or less will reduce air flow 

capacity across the cover system.  For context, a CCL compacted at its OMC, which maintains a 

degree of saturation of ~85% to 90% year-round, will have an air permeability in the range of 1 x 

10
-15

 m
2
. 

Maintaining the integrity of the CCL (primarily through minimising wet-dry cycling and desiccation) 

is fundamental to maintaining the ability of the cover system to manage oxygen ingress.  First, as 

noted above, diffusion of oxygen will increase with a drier compacted layer.  Equally important, is 

that if the compacted layer undergoes wet-dry cycling, its hydraulic properties can change.  In the 

context of managing oxygen ingress, an increase in the bulk air permeability that can result from 

desiccation (cracking) of the compacted layer will increase the potential of advective transport of 

oxygen ingress (resulting from convection). 

6.2 Conceptual Model for NOEF Cover System Design 

A cover system that utilises both the ‘moisture store-and-release’ and ‘barrier’ concepts was 

identified as the most suitable cover system for the NOEF.  This is based on the operation 

receiving a distinct wet and dry season and being situated in a tropical environment.  The 

particular characteristics of these two cover system concepts are then manipulated to meet 

design criteria and objectives specific to the NOEF. 

The conceptual model for cover system performance for MRM is that reduction of the ingress of 

both oxygen and water are required to manage seepage from the NOEF.  Reduction of water 

(discussed in terms of NP through the cover system) and reduction of gas flux (due to both 

diffusive and advective fluxes of oxygen into the NOEF) are the key performance attributes of the 

cover system. 

The presence of an underlying lower permeability CCL (a ‘barrier’ layer) beneath a growth 

medium layer aids in reducing net percolation (NP) to the underlying NOEF material.  The 
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overlying growth medium (GM) layer provides for storage and release of infiltration for the majority 

of the time but the CCL is designed to limit NP when the overlying storage capacity is exceeded.   

The overlying GM layer not only supports vegetation, but also protects the integrity of the barrier 

layer from potential damage due to various site-specific physical, chemical, and biological 

processes (e.g. wet-dry cycling).  Rainfall is stored within the cover system (topsoil, growth 

medium and CCL) and gradually released back to the atmosphere through evaporation and 

transpiration (actual evapotranspiration; AET).  During periods of high (and more intense) rainfall 

the moisture store-and-release capacity is typically overwhelmed and the cover system (and 

landform) are designed to be ‘water shedding’ and therefore sheds excess water from the facility. 

6.2.1 Conceptual Model for Net Percolation 

A range of performance in terms of NP rates exists for a cover system, which is highly dependent 

on the climate regime.  The range of cover system performance for the NOEF is presented 

conceptually in terms of “Very Low” (VL), “Low” (L), “Moderate” (Mod), “High” (H), and “Very High” 

(VH) NP rates. 

Within a single climatic regime, the range of NP performance results from the influence of differing 

abilities of a cover system to evapotranspirate water and to promote runoff (and/or interflow) from 

the landform.  Comparing BoM rainfall and AET estimates (as presented in Section 3) indicates 

that for the MRM area an undisturbed site would have approximately 15 mm (2% of average 

annual rainfall) available for NP (assuming runoff is nil on an areal scale).  Hence, for the MRM 

NOEF cover system: 

 “Very High” NP is classified as greater than 50% of average annual rainfall (% R),  

 “High” NP is between 15% R and 50% R,  

 “Moderate” NP is between 10% R and 15% R, 

 “Low” NP is between 5% R and 10% R, and 

 “Very Low” NP is less than 5% R. 

It must be noted that NP rates and resultant % R can be higher or lower for any given year.  For 

example, a high rainfall year (or, more specifically, a number of successive wetter than average 

climate years) may result in a high NP rate for the year, even for a cover system classified, on 

average, as having a very low NP rate.   
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6.2.2 Conceptual Model for Oxygen Ingress 

A similar range of performance exists for O2 ingress, except O2 ingress is less challenging to limit 

in wetter environments where a tension-saturated layer is more easily maintained.  Given the 

MRM site and climate region, the conceptual model generally classifies O2 ingress as: 

 “Very High” at a rate over 100 mol O2/m
2
/year,  

 “High” between 100 and 50 mol O2/m
2
/year,  

 “Moderate” between 50 and 15 mol O2/m
2
/year,  

 “Low” between 15 and 5 mol O2/m
2
/year, and  

 “Very Low” is less than 5 mol O2/m
2
/year.   

However, it is fundamental to note that these rates must be tied to site-specific conditions in terms 

of the geochemical characteristics of the underlying waste material in order to properly 

characterise these ranges. 

6.3 NOEF Cover System Net Percolation and Oxygen Ingress Requirements 

Cover systems, in general, should be designed to meet performance criteria clearly defined by the 

level of control required by the cover system for oxygen ingress, net percolation, and erosion 

control.  This links the predicted performance of a cover system to groundwater, surface water, 

and air quality impacts. 

6.3.1 Modelled NOEF Net Percolation Rates 

Two-Dimensional (2D) cross-sections were modelled to simulate different areas and timeframes 

as construction of the NOEF progresses over time (see OKC 2016
3
 and Figure 6.1).  For each of 

these sections, and depending on whether the “surface” of the cross-section was “covered”, or 

not, different surface flux boundary conditions, or NP rates, were applied.  The rates were 

adjusted for each wet season and dry season from 1 January, 2010, until 31 March, 2014, as this 

period has known climate conditions; therefore, seasonal NP rates are based on actual rainfall 

measurements for the site.  From 1 April, 2014, the average wet and dry season NP rates for the 

125-year climate database was applied as the surface flux boundary.  The average annual NP 

rate was applied as the surface flux boundary once a cover system was estimated to be in place.  

This latter simplification was made because for the NP rate applied for the covered conditions, 

variations in seepage season-to-season would be minimal due to the large volume of waste rock 

supressing the seasonal variations. 



Glencore - McArthur River Mining Pty Ltd 
NOEF Cover System and Landform Design, in Support of the, EIS Submission 25 

O’Kane Consultants 16 December 2016 
750/15-01 

 

Figure 6.1: Locations of simulated 2D cross-sections for the NOEF. 

As reported in OKC 2016
3
, the average annual net percolation rates applied to the 2D cross 

sections for predicting NOEF seepage rates, are as follows: 

 Bare waste rock; 

o “Very High” NP rate; 

o Modelled as ~65% of average annual rainfall. 

 Alluvium material (moderate texture) at surface; 

o “High” NP rate; 

o Modelled as ~35% of average annual rainfall. 

 Covered surface (sloping surface); 

o “Low” NP rate (low end of Low NP range); 

o Modelled as ~5.5% of average annual rainfall. 

 Covered surface (plateau surface); 

o “Low” NP rate (low end of Low NP range); 

o Modelled as ~6.5% of average annual rainfall. 
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6.3.2 Modelled NOEF Oxygen Ingress Rates 

Modelling of NOEF oxygen ingress is such that it is inferred to take place via diffusion and 

advection.  Diffusion of oxygen is modelled to occur as a continuous process along all exposed 

surfaces of waste material.  However, because waste material is placed in lifts and then further 

lifts placed on top, diffusion is a surface effect that will be temporary for any given block of waste 

material as waste is progressively buried as waste placement progresses.  Advection of oxygen is 

modelled to occur as a continuous process into all exposed surfaces. 

As reported in OKC 2016
3
, the average annual oxygen ingress rates for predicting NOEF waste 

material oxidation rates, are as follows: 

 Bare waste rock; 

o “Very High” O2 ingress rate; 

o Modelled as ~200 mol/m
2
/yr. 

 Alluvium material (moderate texture) at surface; 

o “Low” O2 ingress rate; 

o Modelled as ~15 mol/m
2
/yr. 

 Covered surface (sloping surface); 

o “Low” O2 ingress rate; 

o Modelled as ~5 mol/m
2
/yr. 

 Covered surface (plateau surface); 

o “Low” O2 ingress rate; 

o Modelled as ~5 mol/m
2
/yr. 

6.4 Numerical and Analytical Modelling to Support and Enhance Conceptual 
Model for Cover System Design 

The objective of the soil-plant-atmosphere (SPA) numerical modelling program was to support 

and demonstrate that the conceptual NP and oxygen ingress rates assumed as surface boundary 

conditions for the covered NOEF waste material modelling (OKC 2016
3
) can be achieved, and if 

so, what would the cover system design entail. 

This was achieved by examining a range of cover system alternatives available to MRM for use 

on the NOEF landform and define the anticipated performance based on the conceptual 

performance ranges.  The program evaluated several breccia and alluvium growth medium 

materials varying both the texture and thickness of a growth medium layer, in situ compacted 

density and thickness of a CCL, and the presence of a coarser-textured drainage layer overlying 

the CCL.  Due to the large number of alternatives examined a 10-year subset of the 125-year 

climate database was used.  The 10-year period featured above and below average rainfall years, 

but the 10-year average annual value was 707 mm, approximately equal to the 125-year long-

term average value. 

All SPA simulations were completed using the numerical modelling program SEEP/W; a 

description of which is provided in Appendix E.  SEEP/W was used to complete both one- and 
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two-dimensional (1D and 2D) simulations of the potential cover systems for the NOEF.  1D 

scenarios were completed first for a majority of the simulated scenarios; however, 1D simulations 

also accounted for runoff and interflow.  Simulations such as determining the thickness required 

of a drainage layer were completed with 2D simulations. 

6.4.1 Predicted Cover System Performance – Net Percolation 

Table 6.1 presents the “first pass”, or screening, cover system modelling results, which assume a 

bare surface (no vegetation) condition.  The “no vegetation” conditions simulated lead to 

conservative predicted NP rates in regards to cover system performance compared to what could 

be expected from the MRM dump, which is planned to feature vegetation.  The “no vegetation” 

case would be applicable during early stages of the cover system before meaningful vegetation is 

established, or after a bushfire in the future rehabilitated landscape.  Additional modelling 

presented within this Section of the report will illustrate the reduction in NP as a function of 

vegetation development. 

The CCL density conditions noted in Table 6.1 correlate to ksat values as follows: 

 1.5 t/m
3
 → ksat = 5 x 10

-8
 m/s (5 x 10

-6
 cm/s); 

 1.7 t/m
3
 → ksat = 1 x 10

-8
 m/s (1 x 10

-6
 cm/s); and 

 1.9 t/m
3
 → ksat = 1 x 10

-9
 m/s (1 x 10

-7
 cm/s). 

The results of these first pass simulations indicate that the in-place density of the CCL material 

strongly influences performance of the cover system.  Lower in-place density would result in a 

higher in situ saturated hydraulic conductivity, and lead to higher net percolation.  As a result, the 

majority of simulations were completed assuming a CCL compacted to approximately 1.9 t/m
3
.  

Compared to CCL ksat values that have been demonstrated to be achievable at MRM with the clay 

materials available for cover system construction, the ksat value corresponding to a density of 

1.9 t/m
3 
is practical and achievable using standard civil engineering construction methodologies. 

The type of growth medium, the in-place density of the growth medium, and the thickness of the 

growth medium had a lesser effect on the predicted NP performance of the cover system.  

Layering of the growth medium has more influence on “protection” of the CCL layer (for wet-dry 

cycling), as well as the emergence and sustainability of vegetation as compared to cover system 

performance that is controlled by the CCL layer.  

The cover system performance predicted for each simulation was categorised into the conceptual 

model for cover system performance ranges, as shown in Table 6.1.  For the bare surface 

conditions modelled during this first pass modelling assessment, the majority of the simulations 

fell into the Low NP category, which is a conceptual NP rate ranging from 5 to 10% of average 

annual rainfall (or 35 to 71 mm of the 707 mm average annual rainfall). 

The breccia drainage layer was simulated as coarser-textured when used as part of an alluvium 

cover system; and simulated as intermediate or coarser-textured when used as part of a breccia 
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cover system.  It was assumed coarser-textured breccia would be required for the drainage layer 

on the plateau, where the alluvium cover system is more likely to be used. 

Details of cover system modelling are provided in Appendix E.  

Table 6.1: Results of the “first pass” soil-atmosphere modelling program for 
bare surface conditions (i.e. no vegetation). 

 
Growth 
Medium 
Material 

Growth 
Medium 

Thickness 
(m) 

Growth 
Medium 
Density 
(t/m

3
) 

 
Breccia 

Drainage 
Layer 

CCL
1
 

Material 
Density 
(t/m

3
) 

Net 
Percolation 

Rate 
(mm & %) 

NP 
Conceptual 

Model 
Range 

Alluvium Clay 2.0 1.5 No 1.9 69 (9.8%) Low 

Alluvium Clay 2.0 1.5/1.7
2
 No 1.9 44 (6.2%) Low 

Alluvium Clay 2.0 1.5 No 1.7 139 (19.7%) High 

Alluvium Clay 2.0 1.5 No 1.5 142 (20.1%) High 

Alluvium Clay 1.5 1.5 No 1.9 52 (7.4%) Low 

Alluvium Clay 1.0 1.5 No 1.9 34 (4.8%) Very Low 

Alluvium Clay 1.0 1.5 0.5 m Coarser 1.9 39 (5.5%) Low 

Alluvium Clay 1.5 1.5 0.5 m Coarser 1.9 58 (8.2%) Low 

Alluvium Clay 1.5 1.5 0.5 m Coarser 1.7 119 (16.8%) High 

Alluvium Sandy 
Clay 

1.5 1.5 No 1.9 67 (9.5%) Low 

Alluvium Sandy 
Clay 

1.5 1.7 0.5 m Coarser 1.9 52 (7.4%) Low 

Alluvium Sand 1.5 1.5 No 1.9 111 (15.7%) High 

Alluvium Sand 1.5 1.5 0.5 m Coarser 1.9 84 (11.9%) Moderate 

Alluvium Cobbles 
& Gravel 

1.5 1.7 No 1.9 98 (13.9%) Moderate 

Alluvium Cobbles 
& Gravel 

1.5 1.7 0.5 m Coarser 1.9 82 (11.6%) Moderate 

Breccia 
Intermediate 

2.0 1.7 
0.5 m 

Intermediate 
1.9 60 (8.5%) Low 

Breccia 
Intermediate 

2.0 1.7 
0.5 m 

Intermediate 
1.7 175 (24.8%) High 

Breccia 
Intermediate 

1.5 1.7 
0.5 m 

Intermediate 
1.9 45 (6.4%) Low 

Breccia 
Intermediate 

2.0 1.9 
0.5 m 

Intermediate 
1.9 68 (9.6%) Low 

Breccia Finer 2.0 1.7 
0.5 m 

Intermediate 
1.9 61 (8.6%) Low 

Breccia Coarser 2.0 1.9 
0.5 m 

Coarser 
1.9 71 (10.0%) Moderate 

1
 Alluvium clay was used in the CCL in all simulations 

2
 This simulation has two – 1 m layers of alluvium placed at different densities   
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Modelling results in Table 6.1 indicate: 

 A thinner growth medium layer above the CCL results in lower NP.  This occurs because 

the CCL does not allow the water to percolate below a depth where it is difficult to remove 

by atmospheric forces.  Hence, growth medium thickness is more for providing adequate 

depth for plant development and erosion protection than reducing NP. 

 Lower dry density (and thereby higher ksat) CCL results in higher NP.  A change in dry 

density of the CCL layer from 1.9 t/m3 to 1.7 t/m3 results in at least a doubling of NP and 

a change in NP classification from Low to High.  Hence, CCL simulated as clay-textured 

alluvium at a density of 1.9 t/m
3
 for the remainder of the seepage modelling presented in 

this report unless otherwise stated. 

 The breccia drainage layer does not improve the performance of the alluvium cover 

system from a NP perspective.  It is potentially required to improve cover stability by 

ensuring pore water pressures do not get too high within the CCL. 

6.4.2 Predicted Cover System Performance – Oxygen Ingress  

OKC 2016
3
 includes assessments of oxygen ingress as a result of advection and diffusion, which 

are related to material texture, density, and degree of saturation (S%).  In brief, the assessment 

illustrates that for a finer-textured material, such as the CCL as described above, placed at a 

density in the range of 1.9 t/m
3
, that if the degree of saturation of the layer was maintained above 

approximately 85% to 90%, then the cover system would provide oxygen ingress rates to the 

“Very Low” conceptual range (i.e. < 5 mol/m
2
/yr). 

Figures 6.2 and 6.3 show the degree of saturation as a function of time for the bare surface 

conditions (i.e. no vegetation) for an “alluvium” cover system (consisting of 1.5 m of sandy-clay 

alluvium at a dry density of 1.5 t/m
3
, a 0.5 m coarser-textured breccia at a dry density of 1.9 t/m

3
 

drainage layer, and the CCL) and a “breccia cover system” (consisting of 2.0 m intermediate-

textured breccia at a dry density of 1.7 t/m
3
 overlying the CCL).  There is seasonal variability in 

the degree of saturation within the CCL as a result of higher infiltration conditions during the wet 

season, and then longer, slower, drying during the dry season; however, this is much more muted 

in the lower portion of the CCL.  This illustrates that the mechanism for de-saturation is primarily 

atmospheric demand for moisture, rather than drainage. 

The CCL maintains a water content condition well in excess of the degree of saturation required 

to maintain oxygen ingress rates in the Very Low conceptual range.  In short, the CCL has 

sufficient moisture retention capacity to limit drainage and de-saturation due to gravity.  In 

addition, the CCL also has sufficient moisture retention capacity, in combination with water 

holding capacity in the overlying GM layer to limit de-saturation from atmospheric demand. 
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Figure 6.2: Degree of saturation for the upper, middle, and lower portions of the CCL (density of 
1.9 t/m

3
) for the simulated 10-year period for the alluvium cover system. 
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Figure 6.3: Degree of saturation for the upper, middle, and lower portions of the CCL (density of 
1.9 t/m

3
) for the simulated 10-year period for the breccia cover system. 

6.4.3 CCL Thickness Design 

URS (2008) assumed a 0.6 m thickness for the CCL layer as part of the NOEF cover system 

design developed at that time.  In terms of construction practicality, this thickness has proven to 

be challenging because in order to place the layer in two lifts of 0.3 m each, it requires placing a 

layer down 0.35 m to 0.4 m prior to compaction; the lifts must be slightly thicker than 0.3m to 

allow for trimming the surface to grade. Compare this to the dimensions of a sheepsfoot on a 

typical compactor (Cat 825) of ~0.15 m to 0.2 m long, depending on wear, results in it being 

challenging to construct the 0.6 m CCL layer practically in two lifts. 

Placing the 0.6 m layer in three lifts substantially increases the time for construction (as each lift 

must be tested), which also increases the cost for placing the CCL layer. 

As a result of the above, analytical and numerical modelling was conducted to evaluate the 

efficacy of decreasing the CCL thickness from the “original” 0.6 m to 0.5 m, which would allow the 

layer to be placed in two lifts while optimising performance and cost.  For comparison, the 

modelling also included a 0.4 m thick CCL layer. 

In terms of “comparing performance” for the different CCL thicknesses, it was decided that the 

basis of comparison was maintaining functionality, which was assumed to be maintenance of the 

same net percolation.  The performance of the cover system based on a 0.6 m CCL thickness 
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was compared to 0.5 m and 0.4 m CCL layers.  Bare surface conditions (i.e. no vegetation) for an 

“alluvium” cover system (consisting of 1.5 m of alluvium, a 0.5 m coarse breccia drainage layer, 

and the CCL) and a “breccia cover system” (consisting of 2.0 m breccia overlying the CCL) were 

evaluated. 

The comparison of performance for CCL thickness was first evaluated analytically, and then 

numerically. 

6.4.3.1 CCL Thickness - Analytical Evaluation of Performance 

Giroud and Bonaparte (1989) developed an analytical model of leachate movement in landfill 

systems due to percolation through low permeability liner systems.  This approach was used to 

evaluate the anticipated flow through the CCL based on changing its thickness.  The model 

assumes steady state conditions, which does make it challenging to evaluate a cover system that 

has distinctly different conditions during the year due to seasonality (hence the numerical 

modelling approach was also used as discussed below). 

The analytical model compares predicted net percolation through the CCL under high infiltration 

conditions (a five day peak infiltration period), as well as for average annual rainfall (infiltration) as 

defined in previous numerical simulations.  These two rates represent the extent of the anticipated 

performance, with actual performance expected to fall in between. 

Table 6.2 presents the increase in predicted net percolation for the varying cover system 

configurations.  Note that for this analysis the breccia cover system is assumed to be on a sloping 

surface (3H:1V) whereas the alluvium cover system is assumed to be on a level area similar to 

the plateau.  The magnitude of the values provide the extents of anticipated performance and are 

less important than the anticipated change in performance due to the decrease in CCL thickness.  

Table 6.2 illustrates that for average conditions, there should be little to no increase in NP rates 

as a result of reducing the thickness of the CCL from 0.6 m to 0.5 m. 

For the alluvium cover system, the analysis predicts NP will increase between 1% and 15% if the 

CCL is decreased from 0.6 m to 0.5 m.  The values provide represent percentages relative to the 

0.6 m thick CCL NP value, not relative to average annual rainfall as is often utilised in the 

numerical modelling program.  

Table 6.2: Results of the analytical model to evaluate CCL thickness. 

Cover System 
Performance 
(0.6 m CCL) 

Performance (0.5 m CCL) Performance (0.4 m CCL) 

 
Estimated NP 

(mm) 
Estimated 
NP (mm) 

% Increase 
Estimated 
NP (mm) 

% Increase 

Alluvium – High Infiltration 
Condition 

126  145 15% 175 38% 

Alluvium – Average 
Infiltration Condition 

33 34 1% 34 3% 

Breccia 3.5H:1V – High 
Infiltration Condition 

49 53 8% 58 18% 
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Cover System 
Performance 
(0.6 m CCL) 

Performance (0.5 m CCL) Performance (0.4 m CCL) 

 
Estimated NP 

(mm) 
Estimated 
NP (mm) 

% Increase 
Estimated 
NP (mm) 

% Increase 

Breccia 3.5H:1V – Average 
Infiltration Condition 

32 32 0% 32 0% 

The following paragraph is provided to aid in interpreting Table 6.2 values.  The predicted 

average annual net percolation for the alluvium cover system was 42 mm or 5.9% of rainfall.  

Based on the conceptual cover system performance ranges, the cover system was classified as 

being within the Low NP conceptual range (5 to 10%), for these bare surface conditions.  Based 

on the range of percent increase values provided in Table 6.1, net percolation for the alluvium 

cover system with a 0.5 m CCL is expected to range from 42 to 48 mm (6 to 7%).  The 

performance of the same cover system with a 0.4 m CCL is expected to range from 43 to 57 mm 

(6 to 8%). 

Note that the influence of higher infiltration conditions on CCL thickness performance is more 

pronounced for the alluvium cover system as modelled in Table 6.2, as compared to the breccia 

cover system, because the latter is on a sloping surface.  Hence, the breccia cover system has a 

higher propensity to generate interflow, and therefore a lower NP rate, as compared to the former 

cover system, which has been assumed to be placed on a plateau (flat) surface. 

In summary, based on the analytical modelling summarised above, decreasing the CCL thickness 

results in small increases in predicted net percolation and no change in functionality as it 

maintains a Low NP conceptual classification. 

6.4.3.2 CCL Thickness - Numerical Evaluation of Performance 

Numerical simulations were also completed for a 10-year period of the 125-year climate period to 

evaluate change in performance with change in CCL thickness.  The simulations examined both 

net percolation performance and oxygen ingress performance (maintenance of a high degree of 

saturation).  Figure 6.4 presents the predicted net percolation correlated to CCL thickness. 

The simulations showed similar increases to net percolation as predicted by the analytical model.  

Predicted net percolation increased to 7.4% and 8.4% for the alluvium and breccia cover systems 

respectively, (from 6.8% and 7.4% respectively, with a 0.6 m CCL), when the CCL was decreased 

to 0.5 m.  Each of the cover systems evaluated also maintained sufficient degree of saturation 

within the CCL to effectively limit oxygen ingress. 

Further details are provided in Appendix E. 

6.4.4 125-Year Cover System Modelling Assessment 

Detailed 1D, 125-year simulations were completed with an “alluvium” cover system (consisting of 

1.5 m of alluvium, a 0.5 m coarse breccia drainage layer, and the CCL) and a “breccia cover 

system” (consisting of 2.0 m breccia overlying the CCL) for bare surface conditions (i.e. no 
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vegetation).  The annual rainfall for the 125-year simulation varied from a high of ~1,750 mm to a 

low of ~250 mm.  Daily climate conditions were applied for each year of the 125-year simulation.  

A description of the two 125-year simulations is provided in Table 6.3.  The CCL was simulated as 

being 1.9 t/m
3
 (1 x 10

-9
 m/s). 

 

Figure 6.4: Average annual predicted net percolation for the simulated 10-year period compared 
to CCL thickness (no vegetation simulated). 

 

Table 6.3: Cover system profiles for the 125-year simulations for the 
“alluvium” GM cover system and the “breccia” GM cover system. 

Layer Alluvium Cover System Breccia Cover System 

Growth Medium 1.5 m sandy clay 2.0 m breccia 

Drainage Layer 0.5 m breccia N/A 

CCL 0.5 m clay alluvium 0.5 m clay alluvium 

Figures 6.5 and 6.6 show the annual NP rates predicted for the 125-year simulations. 

The following summarises the two 125-year modelling results: 

 Alluvium GM cover system: 

o The average annual NP for the 125-year simulation is 42 mm/yr, or 5.9% of annual 
rainfall; 

o The annual NP rate ranges from ~0mm to ~70mm; 
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o The highest NP occurred for a year in which ~1,750 mm was applied; and 

 This equates to an NP rate of ~4% of rainfall for this “wet” year. 

 

 

Figure 6.5: Annual net percolation rates predicted for the125-year simulation for the “alluvium” 
GM cover system (CCL ksat – 1 x 10

-9
 m/s and no vegetation). 
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Figure 6.6: Annual net percolation rates predicted for the125-year simulation for the “breccia” 
GM cover system (CCL ksat – 1 x 10

-9
 m/s and no vegetation). 

 Breccia GM cover system: 

o The average annual NP for the 125-year simulation is 32 mm/yr, or 4.5% of annual 
rainfall; 

o The annual NP rate ranges from ~0mm to ~45mm; 

o The highest NP occurred for a year in which ~1,750 mm was applied; and 

 This equates to an NP rate of ~2.5% for this “wet” year.  

 Commentary on differences / similarities in performance: 

o Average annual NP rates for the 125-year simulations for both cover systems fall 
within the upper end of Very Low conceptual range and/or lower end of Low range 
(similar to the 10-year simulations summarised in Table 6.1); 

o The presence of the CCL dampens the response of NP (just as one would expect for 
the conceptual model of a barrier layer “type” cover system); 

o The greater variability in NP rates for the alluvium cover system as compared to the 
breccia cover system is a result of several facets, such as; 

i. In general, while NP rates are relatively similar for the two cover system, there 
is more lateral diversion (interflow) for the breccia cover system, as compared 
to the alluvium cover system which leads to a more muted and “buffered” NP 
rate for any given year 

ii. The breccia cover system has more inherent lateral drainage capacity, and 
therefore, for large rainfall events, interflow is larger component of the cover 
water balance, as compared to the alluvium cover system, which results in a 
lower NP rate. 
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iii. For drier, and/or average years, the alluvium cover system has more inherent 
moisture holding capacity (i.e. it is finer-textured), and therefore an increased 
potential to store infiltration, and release it back to the atmosphere. 

6.4.5 Vegetation Assessment 

Simulations presented above evaluate a non-vegetated bare alluvium or breccia surface.  

Development of vegetation on the NOEF landform is discussed in Section 5.  Additional 

simulations on a ten-year subset of the 125-year climate database with the alluvium cover system 

were completed to evaluate the influence on net percolation as a result of emerging vegetation as 

part of cover system performance.  No additional simulations were completed with vegetation 

development on a breccia cover system because no meaningful vegetation is expected to 

develop on a breccia cover system.  The conceptual model of performance anticipates that net 

percolation will decrease with increased vegetation due to increased actual evapotranspiration 

from the cover system. 

Figure 6.7 shows a general decrease in predicted net percolation with increasing vegetation 

presence and surface coverage. The results only provide a general trend of performance as the 

simulation was a 10-year subset of the 125-year database.  However, as vegetation coverage 

reaches the high vegetation coverage condition (defined as having greater that 50% ground 

cover), predicted net percolation drops from the Low (5 to 10%) conceptual performance range, 

into the Very Low range (<5%).  The presence of vegetation has additional benefits, with 

improved aesthetics and erosion resistance. 
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Figure 6.7: Average annual net percolation as a function of vegetation development (ranging leaf 
area index or surface coverage) for modelled conditions of a 0.5m thick breccia 
Layer overlying the CCL and a 1.5m thick alluvium layer overlying the breccia. 

6.4.6 Climate Change 

Climate change projections for MRM were developed based on the principles presented in WRM 

(2016).  Projections for the area around the site indicate the MRM site will become drier due to 

increased temperatures and decreased rainfall.  WRM (2016) focused on climate projections for 

two periods; namely 1) Short-term: the 2030 time period (which represents the near future 2020 to 

2039) and 2) Long-term: the 2090 time period (which represents the late in the 21st century 2080 

to 2099).  The climate projections were developed based on the Representative Concentration 

Pathway 4.5 (RCP4.5) scenario representing an intermediate emissions scenario with predicted 

temperature increases of 1.1 to 2.6 degrees Celsius by 2090 compared with 1986 to 2005 

conditions.  This pathway requires slower emission reductions that stabilise the CO2 concentration 

at about 540 ppm by 2100.  RCP4.5 concentrations are slightly above those of RCP6.0 until after 

mid-century, but emissions peak earlier (around 2040). 

Additional simulations on twenty-year subsets (1986 to 2005) of the 1,000-year adjusted climate 

database were completed for the breccia cover system, assuming bare surface (i.e. no 

vegetation) conditions, with updated climate parameters based on the short-term (2030 time 

period) and long-term (2090 time period) climate change scenario.  The 1986 to 2005 period was 

selected as it is the base case global climate model period for which all the climate modifiers are 

developed from.  For example, climate modifiers for rainfall in the 2030 climate change model 

were -0.9% for the months of December to February, -3.5% between March and May, -4.9% for 

June to August, and -3.1% for the months of September to November.  This means that the daily 

rainfall from the SILO climate database in the December to February period of the 1986 to 2005 

database was multiplied by 99.1% (100% + (-0.9%)).  The same methodology was used to modify 

rainfall, wind speed, maximum daily air temperature, minimum daily temperature humidity and 

evapotranspiration for the 1986 to 2005 period to create the short-term and long-term climate 

change databases. 

The details of the climate change database can be found in Appendix D. 

These additional simulations, with results shown in Table 6.4, were completed to examine the 

effects of climate change on cover system performance.  The conceptual model of performance 

anticipates that net percolation will decrease due to increased actual evapotranspiration from the 

cover system.   

Table 6.4: Results of climate change simulations  
(for bare surface cover system conditions; i.e. no vegetation). 

Scenario 
Rainfall 

(mm) 

Potential 
Evaporation 

(mm) 

AET 
(mm) 

Runoff 
(mm) 

Net 
Percolation 

(mm) 

Net 
Percolation 

(% of Rainfall) 

Breccia Base Case 
(1986-2005) 

780 1961 392 7 43 5.5% 
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Scenario 
Rainfall 

(mm) 

Potential 
Evaporation 

(mm) 

AET 
(mm) 

Runoff 
(mm) 

Net 
Percolation 

(mm) 

Net 
Percolation 

(% of Rainfall) 

Short-Term Climate 
Change Adjustment 

756 2051 395 9 6 0.7% 

Long-Term Climate 
Change Adjustment 

771 2052 402 6 9 1.2% 

The simulations show decreases to net percolation, as predicted by the conceptual model of 

performance.  Predicted net percolation decreased to 0.7% and 1.2% of the 20-year average 

annual rainfall for the breccia cover system evaluated over the 1986 to 2005 period (for bare 

surface conditions), based on the short-term and long-term climate change projection, 

respectively.  This results in a shift in conceptual cover system performance from the “Low” NP 

range to the “Very Low” NP range for the climate change conditions modelled.  However, the 

model results indicate that the saturation of the CCL remains above 90% even with climate 

change conditions.  

Details of cover system modelling are provided in Appendix E. 

6.4.7 Substitution of the CCL with a Geomembrane 

In the event that clay for construction of the CCL is not available and/or placement of a CCL is 

deemed to be more costly, as compared to an alternate “barrier” layer, an evaluation of cover 

system performance was conducted with a geomembrane replacing the CCL.  It is noted that a 

specific geomembrane “type” is not identified because choosing one is a site-specific and timing / 

cost specific decision that should be made at the time of cover system construction in order to 

optimise cost and performance. 

It is OKC’s experience that due to the extremely low effective hydraulic conductivity of 

geomembranes, estimated NP rates are consistently less than 1% if the system was modelled 

numerically.  In short, the “real world” effect of holes and defects typically associated with 

geomembranes cannot be suitably simulated using a typical soil-plant-atmosphere numerical 

modelling approach.  Hence, performance of a geomembrane was evaluated in a conceptual 

manner, rather than using numerical models. 

The conceptual model of performance anticipates that net percolation will increase over time due 

to an increasing number of holes in the geomembrane.  This conceptual model was evaluated 

further with a conceptual evaluation of geomembrane performance.  The geomembrane 

performance evaluation was developed as part of the cover system FMEA (OKC 2016
2
).  The 

evaluation describes geomembrane performance in five stages that take into account physical, 

biological, and chemical processes that will contribute to its long-term performance. 

Details on the specific mechanisms of leakage for each life stage of a geomembrane are provided 

in Appendix F. 
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The conceptual evaluation examined the expected flow through geomembrane holes and defects 

given the anticipated evolution of defects in the geomembrane.  Net infiltration rates of water to 

the geomembrane were assumed to remain the same as the estimated infiltration reaching the 

CCL in numerical simulations.  Where holes / defects exist, water was assumed to infiltrate past 

the geomembrane at the saturated hydraulic conductivity of the underlying material (assumed to 

be a bedding sand).  Figure 6.6 shows the conceptual model of performance of a geomembrane 

over time. 

Key results of the conceptual evaluation are that NP is expected to stay in the “Very Low” range 

for approximately 500 and 1,800 years at service temperatures of 40 °C and 20 °C, respectively.  

It was also determined that a geomembrane would continue to serve as an effective hydraulic 

barrier well past the durability period (Figure 6.8).  The cumulative surface area of holes at ‘Stage 

5’ is estimated to be in the range of approximately 0.1 to 0.3 m
2
 per hectare.  This is a very small 

overall percentage of the NOEF cover system surface.   

Figure 6.8 is based on a set internal temperature of 40°C.  Subsequent modelling of internal 

dump temperatures has shown that in-service temperatures of the geomembrane would be 

between 15 and 30°C.  Given that the chemical oxidation degradation of a geomembrane is not 

linear, the performance of the geomembrane at 30°C would be much better than at 40°C. 

Another aspect is that oxidation is a diffusive process, so that a thicker geomembrane would have 

a much longer durability period.  The modelled geomembrane was a 1.5 mm HDPE.  It is possible 

to select a geomembrane up to 2.5 mm, and durability period becomes exponentially longer with 

an increased geomembrane thickness.  This allows the ability to select a geomembrane thickness 

to fit into the risk tolerance for performance.   

Based on these preliminary results and assuming adequate modelling and detailed design 

development, replacing the CCL with a geomembrane is a potential option that would meet the 

closure objectives. 

Details on the specific expected lifespan of a geomembrane is provided in Appendix F. 
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Figure 6.8: Conceptual model of performance for a cover system on the NOEF that includes a 
geomembrane barrier layer. 

6.4.8 Lateral Drainage Capacity 

Sufficient lateral drainage capacity is required to address two key aspects of cover system 

performance; namely, i) veneer geotechnical instability, which can result if pore-water pressures 

increase in the GM layer as water is transported downslope over the CCL layer and within the 

overlying layer (be it a GM layer or a coarser-textured drainage layer); and ii) this same transport 

of water and pore-water pressure increase can result in breakthrough of NP downslope, thus 

increasing NP rates further down the slope. 

A 2D modelling effort was undertaken to evaluate the lateral drainage capacity of a 0.5 m breccia 

drainage layer, which could be a component of either the alluvium or breccia cover systems.  The 

model was developed to apply a 1:100 year, 6-hour storm event that would result in ~264 mm/hr 

of rainfall to the compound slope of the landform.  Figure 6. shows the general 2D geometry used 

for the analysis.  The simulated cover system consisted of a 1.5 m layer of sand-textured Alluvium 

at a simulated dry density of 1.7 t/m
3
 overlying a 0.5 m layer of intermediate-textured Breccia 

simulated at a dry density of 1.7 t/m
3
.  Sand-textured alluvium was chosen for the simulation as 

this material would result in a high amount of infiltration to the drainage layer; hence, evaluating 

the need to provide a high amount of lateral divergence. 
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Figure 6.9 2D model geometry for evaluating the drainage capacity of a 0.5 m thick breccia 
drainage layer. 

The simplified water balance for both cover systems during the seven-day period surrounding the 

storm event modelled is summarised in Table 6..  The model was simulated for a bare surface 

condition (i.e. no vegetation). 

Table 6.5: Simplified seven-day water balance resulting from the modelled storm event. 

Water Balance Parameter 
Breccia Cover System 

(mm per lineal m) 
Alluvium Cover System 

(mm per lineal m) 

Rainfall  
(Modelled storm event) 

30 30 

Runoff 0 3 

Lateral Flow (Interflow) 24 19 

AE 2 2 

Change in Storage 4 6 

The 0.5m thick breccia drainage layer is shown to have sufficient lateral capacity to accommodate 

interflow generated during the modelled event for both the breccia and alluvium cover systems.  

In fact, for the entire 525m long compound slope modelled, at no point along the slope did a 

perched water table (i.e. positive pore-water pressure conditions) extend greater than 0.5 m 

above the CCL layer.  Given that these conditions remained entirely contained within the breccia 

drainage layer is indicative of there being sufficient lateral drainage capacity from this 0.5 m thick 

breccia layer.   
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6.5 Closure Objectives and Cover System Performance 

Achieving closure objectives #2 of 10 and #5 of 10, in the context of cover system performance, 

are discussed below. 

6.5.1 Achieving Closure Objective #2 (Construction of Stable Landforms) 

Closure objective #2 is as follows: 

 Construction of stable landforms that are compatible with post mining land use; 

o Stability pertains to geotechnical, erosional, and geochemical stability; 

 Geotechnical stability; maintainable at these standards: 

i. NOEF: Maximum Design Earthquake (MDE) – 1 in 1,000 year event; 

 Erosional stability; maintainable for these aspects: 

i. Cover system and landform to maintain functionality; 

ii. Sediment release from erosion does not adversely impact on water quality; 

iii. Erosion does not affect functionality of the landform; and 

iv. Resulting suspended solids can be mitigated. 

 Geochemical stability; defined / managed / monitored; 

i. Seepage water quality 

In the context of the presence of the cover system contributing to geochemical stability, as 

defined by seepage and seepage water quality, this can be demonstrated by linking the NP and 

oxygen ingress rates used for NOEF modelling, together with the NP and oxygen ingress rates 

that can be achieved by the final (closure) cover system as summarised in previous sub-sections 

of this Section. 

6.5.2 Demonstration of Geochemical Stability 

In the context of the cover system’s ability to influence geochemical stability as defined by 

seepage water quality through management of NP and oxygen ingress, OKC 2016
3
 set assumed 

targets for oxygen ingress and NP rates for the NOEF landform.  These rates then resulted in 

stable (quasi steady-state) seepage rates and water quality from the base of the NOEF over time, 

which is used to demonstrate geochemical stability of the NOEF landform. 

Modelling reported in OKC 2016
3
 shows that the principal controls over NOEF seepage rates 

include: 

 Net percolation going into storage within the NOEF over time (i.e. mass of water not 

released as seepage); 

 Thickness of waste in the profile (thin NOEF waste profiles have little storage capacity 

and so transmit more net percolation as seepage); and 

 Placement of the cover system reduces net percolation rates significantly.   
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Figure 6.10 provides the estimated cumulative change in water storage within the NOEF 

compared to seepage rates from the NOEF.  Over the time frame shown in Figure 6.10 

(i.e. ~50years) seepage rates achieve a quasi steady-state condition, or in other words a stable 

seepage condition, because: 

 Storage capacity within the NOEF waste material is relatively large compared to seepage 

and, in most cases, increases over at least a 15-year period (and then only decreases 

because the cover system is placed, which aligns with the conceptual model); 

 Seepage is high in early years in the simulated period in some areas due to thin waste 

profiles, uncovered waste material, and high rainfall rates; and 

 Seepage rates do not reach a “maximum” potential as over 15 years most water goes to 

storage, and then the cover system is placed and NP rates are substantially reduced. 

Figure 6.11 shows seepage water sulfate concentration also reaches a quasi steady-state, or 

stable, condition.  In general seepage quality, as illustrated for sulfate, is fairly uniform over the 

period of the simulation.  As shown in OKC 2016
3
, this is also true for many species, which is a 

function of presence of stored oxidation products that are assumed to dissolve into pore-water at 

a constant rate until the mass is depleted, and the solubility limits ascribed to the pore-water by 

the geochemistry model that limit the upper range for seepage concentration. That is, the dump is 

a solubility controlled system. 

Note that as reported in OKC 2016
3
, the modelling assumes 100% of stored oxidation products 

will be removed by seepage.  In reality, a proportion will remain “immobile” as a result of formation 

of sparingly soluble secondary salts such as jarosite.  Suitable testing has not been completed to 

date to determine the likely proportion of mobile/immobile secondary mineral formation, therefore 

the quality modelling is considered likely to be conservative.  

In summary, geochemical stability of the NOEF will be achieved as a result of: 

 MRM’s strategy for waste placement in the NOEF (i.e. low lifts and inclusion of gas 

barriers and temporary covers when PAF material is exposed for any length of time;  

 Placement of the final (closure) cover system during operations, as soon as possible 

following completion of areas within the NOEF to final grades. The reduced net 

percolation rates from uncovered to covered conditions decreases the flushing potential 

of any stored oxidation products; and 

 Use of inert materials (breccia and alluvium) for construction of the cover system over the 

CCL, reducing the risk to the geochemical stability of the CCL and overall cover system. 
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Figure 6.10: Cumulative change in NOEF water volume, as well as seepage from the NOEF 
footprint, for each time step. 

 

Figure 6.11: Modelled NOEF sulfate water quality for each cell and time step over time. 
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6.5.3 Achieving Closure Objective #5 (Maintaining Environmental Values and Ecosystems 

Downstream of Lease Boundary) 

In terms of groundwater / surface water and meeting closure objective #5
2
 for the NOEF cover 

system, net percolation and oxygen ingress requirements, or specific criteria, have not been 

determined as yet.  Further ground and surface water modelling will determine this criteria.  In 

turn, these NOEF seepage and surface water quality criteria could then be used to determine 

waste placement requirements for management of NOEF oxidation products (generation and 

migration).  And then finally, linking the NOEF internal waste placement requirements, with the 

groundwater and surface water modelling, would provide the necessary means for determining 

specific net percolation and oxygen ingress criteria for the NOEF cover system. 

The above work flow, or process, has not been completed for the EIS as yet; this aspect of cover 

system design will be updated once the EIS groundwater and surface water modelling has been 

completed. 

                                                      
2
 See Section 2.3: Manage surface water and groundwater such that environmental values and ecosystems are 

maintained downstream of the lease boundary in the short term (0-100 years), and within the McArthur River diversion 
in the long term (100-1,000 years). 
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7 SUMMARY OF LANDFORM DESIGN 

7.1 Landforms in General 

Historically, rehabilitated mine landforms featured slopes conforming to neat lines and grades.  

But uniformity of design and construction will not necessarily lead to long-term sustainability or, 

more subjectively, aesthetics.  A sustainable landscape for mine closure replicates natural 

landscapes to the greatest extent practicable, following basic geomorphic principles.  The 

replication of mature and relatively stable natural systems may reduce the rate and risk of 

accelerated erosion. 

Landform design involves a multidisciplinary approach; it draws heavily on practical mine 

reclamation experience, but also involves expertise in geotechnical engineering, surface water, 

groundwater, soils, vegetation, and wildlife. 

Typically, the greatest physical risks to landscapes are associated with gully erosion and re-

established surface water drainage courses, making respect for geomorphic principles 

fundamental.  Reclamation failure can usually be traced to violations of these principles, most 

notably allowing too great a disparity between force and resistance.  Landforms should be 

engineered to work with the surrounding landscape, not oppose it.  Basic geomorphic principles 

dictate slope angles, drainage density, and size of drainage basins, but many different landscape 

designs can satisfy these principles. 

A landform design philosophy can be summarized as follows: 

 Design of a constructable final landform should take place prior to construction of the 

initial landform; 

 Geotechnical stability is paramount, but aesthetics and natural appearance should be 

considered (McKenna et al., 2011); 

 Adhering to geomorphic principles will produce landforms that will be stable over the long 

term; and 

 Surface water management systems must strike an appropriate balance between 

implementation and maintenance requirements, in the context of risk and costs for 

maintenance. 

Linear slopes tend to be more popular for post-mining reclaimed landforms due in large part to 

simplicity in design, construction and often, as a result of a failure to consider long-term 

performance. Contemporary landform design theory reveals that concave slopes have superior 

performance with respect to erosion control. This is because downslope areas receive 

proportionally more surface runoff (and erosive energy) than upslope areas. The concavity of the 

embankment, with steeper upper slopes, acts to counter the increase in catchment on downslope 

areas compared with upslope areas. 
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7.1.1 Managing Erosion on / from Landforms 

Erosion rates from natural and rehabilitated landforms vary greatly based on factors such as (but 

not limited to) climatic setting, surface materials, landform configuration, and surface 

management practices.  As such, it is challenging to identify generic erosion rate classifications 

from literature to be adapted to site specific erosion criteria.  An arguably more robust approach 

involves viewing each site independently and basing erosion criteria on ‘tolerable’ erosion rates 

that are linked to potential failure modes i.e. risks specific to a site. 

Average erosion rates (measured in t/ha/yr) are commonly used to discuss erosion performance.  

Providing the values on a per unit basis rather than a total volume allows comparison of erosion 

rates from site to site with varying landform or watershed sizes.  The average annual rate is the 

primary indicator of performance used in the erosion criteria; however, the maximum annual rate 

and the maximum discrete rate by position are also considered.  Qualitative metrics specific to a 

landform, such as the effect on sediment yield to adjacent surface water sources and effect on the 

functionality of a cover system must also be considered. 

7.2 Conceptual Model for NOEF Landform Design 

The results and interpretation of the erosion modelling  for the project  expands upon work 

conducted by OKC (OKC, 2016
5
) to assess potential erosion of the overburden emplacement 

facility conducted in February 2015 (without lab derived parameters) and January to March 2016 

(using the lab-derived parameters).  For the latter lab-derived set results, ten landform geometries 

were modelled in ‘Round 1’ and ten geometries in ‘Round 2’, which were requested by MRM.  

SIBERIA models were conducted for the Breccia, Shale, Weathered Shale and Alluvium in Round 

1, with the geometries listed in Table 7.1.  In Round 2 SIBERIA modelling, ten landform 

geometries were modelled with the erosion parameters for Breccia only.  The modelling 

assessment periods comprised 5 year and 1000 year analysis periods.  Specific landform 

geometries for Round 2 are listed in Table 7.2. 

The final embankment geometrical design was selected through a risk assessment process, with 

the aim of achieving an acceptable balance between erosional stability, dump footprint and area 

of disturbance, and ability to access the finished outer slopes for construction and maintenance 

purposes. 

Table 7.1: Initial Erosion Modelling Landform Geometry 

 Geometry Total Height Total Length 

 Upper Slope Mid Slope Lower Slope (m) (m) 

Case 1 Linear 1 in 1.3 150 195 

Case 2 1:1.3 over 50m V 1:2 over 50m V 1:3 over 50m V 150 315 

Case 3 1:1.3 over 40m V 1:2 over 40m V 1:3 over 40m V 120 252 

Case 4 1:1.3 over 30m V 1:2 over 20m V 1:3 over 30m V 80 169 

Case 5 1:1.3 over 50m V 1:2.3 over 50m V 1:3.3 over 50m V 150 345 

Case 6 1:1.3 over 40m V 1:2.3 over 40m V 1:3.3 over 40m V 120 276 
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 Geometry Total Height Total Length 

Case 7 1:1.3 over 30m V 1:2.3 over 20m V 1:3.3 over 30m V 80 184 

Case 8 1:2  over 50m V 1:3 over 50m V 1:4 over 50m V 150 450 

Case 9 1:2 over 40m V 1:3 over 40m V 1:4 over 40m V 120 360 

Case 10 1:2  over 30m V 1:3 over 20m V 1:4 over 30m V 80 240 

Table 7.2: Additional Erosion Modelling Landform Geometry 

 Geometry Total Height Total Length 

 Upper Slope Mid Slope Lower Slope (m) (m) 

Case 1 Linear 1 in 1.3 140 182 

Case 2  Linear 1 in 2.5  140 350 

Case 3  Linear 1 in 4  140 560 

Case 4 1:1.3 over 40m V 1:2.3 over 50m V 1:3.3 over 50m V 140 332 

Case 5 1:1.3 over 30m V 1:2.3 over 40m V 1:3.3 over 40m V 110 263 

Case 6 1:1.3 over 30m V 1:2.3 over 20m V 1:3.3 over 30m V 80 184 

Case 7 1:2 over 40m V 1:3 over 50m V 1:4 over 50m V 140 430 

Case 8 1:2  over 30m V 1:3 over 40m V 1:4 over 40m V 110 340 

Case 9 1:2 over 30m V 1:3 over 20m V 1:4 over 30m V 80 240 

Case 10 1:3  over 40m V 1:4 over 50m V 1:5 over 50m V 140 570 

Figures 7.1 and 7.2 show renderings of a southern perspective and a northwest perspective of the 

conceptual model of the NOEF landform, respectively, with the heights above ground and 

catchment areas labelled. 

 

Figure 7.1: Southern perspective of the final NOEF landform. 



Glencore - McArthur River Mining Pty Ltd 
NOEF Cover System and Landform Design, in Support of the, EIS Submission 50 

O’Kane Consultants 16 December 2016 
750/15-01 

 

Figure 7.2: Northwest perspective of the final NOEF landform. 
 

Key features, or facets, of the NOEF landform include the following. 

 A peak height (on the top of the plateau area of the landform) of ~140 m. 

 A total 2D footprint area of ~511 ha. 

 A total 3D area of ~525 ha, consisting of ~128 ha of plateau (~25%) and ~397 ha of 

sloping outer batters (~75%). 

 Outer batter slopes that are nominally 130m in elevation from the crest to toe, and 

generally characterised as being “tri-linear concave”. 

 Outer batter slopes that extend (from the crest) out at a 2.5H:1V slope, then a 3.5H:1V 

slope and finally, a 4.5H:1V slope to the toe of the landform. 

 The nominal height and 2D length of the different slopes are: 

o 2.5H:1V “Upper” slope → H = 40 m, L = 100 m; 

o 3.5H:1V “ Mid” slope → H = 50 m, L = 175 m; and 

o 4.5H:1V “Lower” slope → H = 50 m, L = 225 m. 

 A plateau that is divided into several approximately equal sub-catchments to divide flows 

from the expansive plateau area; 

o Each plateau sub-catchment is graded towards a dedicated wide, rock-lined central 
swale that intercepts the shallow sheet flows and conveys it to one of six plateau 
outlets, located at the top of access ramps; 

o These areas provide a transition into to the steeper drainage located along ramp 
access corridors, to the outlet at the base of the ramps; and 

o The ramp corridors are designed for two way haul truck traffic, as such they are 50 m 
wide, which includes provision for an 18 m (top width) drainage corridor. 
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7.2.1 Conceptual Model for Erosion for the NOEF Landform 

Erosion criteria are based on the impact of erosional sediment yield on downstream surface water 

receptors and maintaining the intended function of the NOEF landform cover system; or, in 

general, are reflective of the site-specific closure objectives and associated definitions for 

“stability”. 

While the average annual erosion rate is the most common metric to evaluate and classify 

erosion performance, discrete erosion rates based on episodic events of high rainfall causing 

erosion and erosion by position on the slope are also considered.  Table 7.1 summarises the 

conceptual model for erosion, which includes average annual erosion rates, maximum annual 

erosion rates, and maximum discrete (by slope position) erosion rates. 

Table 7.3: Conceptual model for erosion for the NOEF landform. 

Erosion 
Classification 

Average 
Erosion 

Rate 
(t/ha/yr) 

Maximum 
Annual 

Rate 
(t/ha/yr) 

Maximum 
Discrete 
Rate by 
Position 
(t/ha/yr) 

Effect on 
Sediment Yield 

Effect on 
Cover System 
Performance 

Very Low < 1 10 5 
No effect on surface 
water sources 

No effect on cover 
system performance 

Low 1 to 10 100 50 

Within capacity of 
sediment control 
measures to manage 
sediment yield to 
surface water sources 
to tolerable levels 

No effect on cover 
system performance 

Moderate 10 to 25 250 125 

At capacity of sediment 
control measures to 
manage sediment yield 
to surface water 
sources to tolerable 
levels 

Limited adverse effect 
on overall cover system 
performance, increased 
effect in areas of gully 
development 

High 25 to 50 500 250 

Greater than capacity of 
control measures, 
adverse effects on 
surface water sources 

Minor adverse effect on 
overall cover 
performance, increased 
effect in areas of gully 
development 

Very High > 50 > 500 > 250 
Adverse effects on 
surface water sources 

Substantial adverse 
effect on cover system 
performance 

 

7.3 Numerical and Analytical Modelling to Support and Enhance Conceptual 
Model for NOEF Landform Design 

7.3.1 Materials for Landform Design Evaluation 

Field samples were obtained from the site for the breccia, shale, weathered shale, alluvium and 

topsoil materials and tested in an erosion flume apparatus (and rainfall simulator).  The particle 

size distribution of these materials is summarised in Section 4 of this report. 
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Laboratory testing results were input to erosion and landform evolution modelling to enhance and 

support the conceptual model for the NOEF landform design  

7.3.2 Erosion Modelling 

Erosion numerical modelling was completed with the Water Erosion Prediction Project (WEPP) to 

estimate the distribution and rate of erosion resulting from various NOEF landform configurations 

and materials under representative rainfall conditions and significant storm events.  The effects of 

using a finer-textured alluvium material and a coarser-textured breccia material as part of the 

cover system were examined.  The objectives of the WEPP modelling program were to: 

 Predict average annual erosion rates from examination of multiple slope configurations 

and surface materials; 

 Based on predicted results provide a screening tool to identify viable alternatives for 

further SIBERIA landform evolution modelling; and 

 Examine variability of annual erosion rates based on climate year examined, position on 

the slope, and from extreme storm events.   

The 125-year climate database developed for this project was used for the erosion modelling 

program.  The WEPP model uses daily values of rainfall, maximum and minimum air temperature 

and relative humidity, average wind speed, and total global solar radiation. 

Average annual erosion rates were estimated for the alluvium and breccia materials with the 125-

year climate database are summarised in Table 7.2.  The results are categorised based on the 

erosion criteria summarised in Table 7.1.  Vegetation coverage is as summarised in Section 5. 

Table 7.4: Predicted average annual erosion rates from WEPP (t/ha/yr). 

Slope Configuration 
Bare Surface  

(No Veg.) 
Low Veg 
Coverage 

Medium Veg 
Coverage 

High Veg 
Coverage 

Alluvium     

Plateau 1.2 0.5 0.1 0.1 

Continuous concave embankment 54 35 19 1.0 

Upper & Mid Slope (Above Ramp) 33 20 9.7 0.5 

Mid & Lower Slope (Below Ramp) 27 15 7.0 0.4 

Upper Slope 11 5.9 2.5 0.2 

Lower Slope 14 7.1 2.9 0.2 

Breccia*     

Plateau 0.1 0.1 0.1 <0.1 

Continuous concave embankment 14 7.4 2.7 <0.1 

Upper & Mid Slope (Above Ramp) 7.8 3.8 1.2 <0.1 

Mid & Lower Slope (Below Ramp) 5.9 2.6 0.7 <0.1 

Upper Slope 2.4 0.9 0.3 <0.1 

Lower Slope 2.9 1.0 0.3 <0.1 
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* Erosion modelling of breccia is based the fine fraction tested and bulk materials are expected to be up to an order of 

magnitude lower than presented in the Table. 

The WEPP results indicate Very Low and Low average annual erosion rates for the plateau area 

under all materials and surface management scenarios.  Predicted erosion rates are considerably 

higher for the tri-linear slope with alluvium at the surface, with rates ranging from Low to Very 

High depending on the presence and coverage or non-presence of vegetation.  Breccia erosion 

rates range from Moderate to Very Low for the tri-linear slope configuration from bare surface to 

high vegetation coverage. 

Based on the results in Table 7.2, breccia was considered acceptable for use on any slope 

configurations both on the plateau and side slope areas.  Alluvium was deemed acceptable for 

use on the plateau area and should be used with caution on any of the sloping areas of the 

landform.  The potential to use breccia and alluvium in the identified areas was further examined 

in the detailed SIBERIA modelling (landform evolution) program. 

Additional detail on the erosion modelling for the NOEF landform are found in Appendix G. 

7.3.3 Correlation of WEPP Results to Anticipated Closure Timeframe 

The WEPP modelling program integrated the results of the vegetation development study with 

anticipated erosion rates by applying varying surface coverages and rooting characteristics to the 

surface management practice.  Table 7.3 correlates the anticipated erosion performance with the 

anticipated closure timeframe.  For the 0 to 15 year planning and execution period, it was 

assumed that the bare surface alluvium and breccia condition will dominate.  Vegetation coverage 

was expected to increase to 30 to 40% for alluvium and 10 to 15% for breccia over the 15 to 30 

year period.  For the adaptive management phase (30 to 100 years) and the proactive and 

reactive long-term phases (100 to 1000 years) the assumed vegetation coverage was 60 to 70% 

for alluvium and 30 to 40% for breccia. 

Research on bushfire impact on landform vegetation is likely to increase rates of erosion to rates 

similar to the 0-15 year planning and execution rates (Evans et al, 1999).  This is based on a 

study which investigated the effect of a burnt re-vegetated waste rock dump slopes on soil 

erosion and hydrology.  The research found that the average erosion was 80 % higher on the 

burnt re-vegetated slope compared to the re-vegetated slope.  However, certain vegetation, such 

as many Eucalyptus species and hummock grasses readily re-generate and the increase in 

erosion rate would be temporary. 

Additional detail on the erosion modelling for the NOEF landform are found in Appendix G.  

7.3.4 Landform Evolution Modelling 

SIBERIA is a landform evolution model that provides the ability to evaluate landform stability over 

the short (annual), and long-term (thousands of years) timeframes.  The key advantage of 

SIBERIA is that it can process, assess and visualise landform erosion in 3D, allowing specific 
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landform geometry to be modelled and calculation of both erosion depth and erosion yields.  

SIBERIA uses an empirical relationship that calculates erosion from contributing catchment area 

(and surface runoff) and slope gradient, which is different to the algorithms used by WEPP. 

Table 7.5: Erosion rates within context of anticipated closure timeframe 
based on WEPP erosion modelling. 

Slope Configuration Planning and Execution Phase 
Adaptive 

Management 
Phase 

Proactive and 
Reactive 

Management 
Phase 

 0 to 15 Years 15 to 30 Years 
30 to 100 

Years 
100 to 1,000 

Years 

Alluvium     

Continuous concave slope 54 19 1.0 1.0 

Upper & Mid Slope (Above Ramp) 33 9.7 0.5 0.5 

Mid & Lower Slope (Below Ramp) 27 7.0 0.4 0.4 

Upper Slope 11 2.5 0.2 0.2 

Lower Slope 14 2.9 0.2 0.2 

Breccia*     

Continuous concave slope 14 7.4 2.7 2.7 

Upper & Mid Slope (Above Ramp) 7.8 3.8 1.2 1.2 

Mid & Lower Slope (Below Ramp) 5.9 2.6 0.7 0.7 

Upper Slope 2.4 0.9 0.3 0.3 

Lower Slope 2.9 1.0 0.3 0.3 

* Erosion modelling of breccia is based the fine fraction tested and bulk materials are expected to be up to an order of 

magnitude lower than presented in the Table. 

SIBERIA has been used in the assessment of the NOEF to: 

 Identify specifically where/if alluvium may be used on slopes; alluvium has soil-like PSD 

characteristics, and therefore increased water holding capacity relative to coarser 

lithologies such as breccia and shale, and therefore would serve as a better growth 

medium as compared to the breccia material; 

 Compare with erosion predictions from the WEPP models, particularly where WEPP 

models indicate moderate/uncertain rates of erosion, and in higher risk areas where 

further confidence certainty is sought, such as placement of alluvium on upper 

embankments and in areas where uphill catchments are significant;  

 Provide an analysis of erosion depth, to confirm erosion depth criteria are met; and 

 Check the plateau for erosion features, such as rilling from shallow concentrated flows;  

SIBERIA is based on spatial and empirical relationships and does not model vegetation growth; 

however, erosion reductions from vegetation are accounted by adjusting the SIBERIA erosion 

‘rate’ parameter, in accordance with the approximate percentage erosion reductions predicted by 

WEPP.  
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SIBERIA modelling presented herein is predominantly for the alluvium material because the 

breccia material has been shown to have moderate to very low erosion rates even for bare 

surface conditions.  Alluvium provides a finer-textured cover-system alternative (than breccia or 

shale), with the potential to increase re-vegetation success, which in turn decreases erosion.   

Three idealised landform embankments and the plateau sub-catchments were produced, which 

when stitched together form a representation of all NOEF areas.  The NOEF landform has been 

split in this manner for modelling and evaluation to: i) correlate with the 2D geometry examined in 

the WEPP modelling, ii) address performance of different materials in key parts of the landforms, 

and iii) retain a high gridding resolution in the models. 

All models have the general tri-linear concave geometry; however, the ramp corridor is also 

included in the models as it is an on-slope hydraulic discontinuity that includes an open channel 

drain.  This drain intercepts runoff from uphill slopes, and conveys flows off the landform rather 

than continuing downslope.  

Alike areas, with respect to gradient and extent of the uphill catchment are indicated in Figure 7.3. 

 

Figure 7.3  Areas of the NOEF landform by slope and uphill catchment. 

An example of one of the three discrete NOEF embankment geometries is illustrated in Figure 

7.4.  Additional discrete NOEF embankment geometries modelled, as well as that for the plateau 
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are provided in Appendix G.  Details of the ramp geometry indicating the ramp bunding, haul road 

and table drain provided in Appendix G. 

 

Figure 7.4  An example of a SIBERIA landform evolution model configuration with the ramp 
located at the transition of the mid and lower slopes (so called, as noted in 
Appendix G a “Type 2 Landform”). 

The WEPP-predicted erosion rates over time shown in Table 7.3 were modified, as shown in 

Table 7.4, to the final form.  This is based on results of additional SIBERIA modelling detailed in 

Appendix G.  This provides the current best-estimate for erosion over time and are provided to 

support decision makers in the allocation of appropriate embankment materials.    
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Table 7.6: Erosion rates within context of anticipated closure timeframe 
based on WEPP erosion modelling and SIBERIA landform evolution modelling. 

Slope Configuration Planning and Execution Phase 
Adaptive 

Management 
Phase 

Proactive and 
Reactive 

Management 
Phase 

 0 to 15 Years 15 to 30 Years 
30 to 100 

Years 
100 to 1,000 

Years 

Alluvium Erosion rate (t/ha/y) 

Base Case (Full Slope) 54 25 1.0 1.0 

Upper & Mid Slope (Above Ramp) 62 24 0.5 0.5 

Mid & Lower Slope (Below Ramp) 49 20 0.4 0.4 

Upper Slope 75 25 0.2 0.2 

Lower Slope 44 19 0.2 0.2 

Breccia* Erosion rate (t/ha/y)* 

Base Case (Full Slope) 14 7.4 2.7 2.7 

Upper & Mid Slope (Above Ramp) 7.8 3.8 1.2 1.2 

Mid & Lower Slope (Below Ramp) 5.9 2.6 0.7 0.7 

Upper Slope 2.4 0.9 0.3 0.3 

Lower Slope 2.9 1.0 0.3 0.3 

* Erosion modelling of breccia is based the fine fraction tested and bulk materials are expected to be up to an order of 

magnitude lower than presented in the Table. 

7.4 General Surface Materials Suitability in the Context of Erosion 

7.4.1 Breccia 

Breccia is expected to be stable and generate low rates of erosion owing to its substantial cobble 

and boulder fraction and high rate of infiltration and lateral drainage capacity within the cover 

system.  Modelling in both WEPP and SIBERIA indicates low and moderate average rates of 

erosion for bare surface scenarios, and, as detailed in Appendix G, this is based on the fine 

fraction of the full textural envelope for the breccia material.  The actual constitution contains, 

proportionally, even a greater coarser fraction, and thus very low to low expected erosion rates.   

Overall erosion of this material is expected to be an order of magnitude lower than the modelled 

and calculated rates of erosion and is expected to have good long term stability. 

7.4.2 Alluvium 

The MRM alluvium is reasonably erodible; however, it possess a higher water holding capacity 

owing to its finer texture, and therefore more likely than Breccia to support vegetation.  Over time, 

vegetation must establish on the alluvium material to provide the resistance to erosion required 

for alluvium to be stable on outer slopes.  Rilling and sheet erosion is anticipated for bare surface 

alluvium sloping surfaces.  
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Moderate to high rates of erosion can be expected from bare embankment surfaces until 

vegetation coverages reach approximately 30-40%. This is anticipated to occur from 

approximately Year 15 (from completion of the embankment) to Year 30.  

Alluvium is fit for use on the shallowly graded plateau, where erosion is predicted to be in the 

lower moderate range initially and thereafter low as vegetation begins to establish.  The majority 

of modelled erosion occurs at the crest of the plateau swale drains, and this can be alleviated by 

incorporating rip rap within the swales, including the side slopes. 

The alluvium may be suitable for use on mid and lower slopes, particularly under ramps where 

there is limited uphill catchment, though maintenance may be expected until such time as a high 

(60-70%) vegetation coverage exists (30+ years).  Alluvium should be avoided on steeper upper 

slopes but may be accommodated through regular wet season maintenance for 30+ years. 

Maintenance is likely to be required to maintain the intended cover system depth, where placed 

on embankments.  Short-term time frames will require more maintenance (0-15 years), until 

vegetation coverage is sufficiently established to widely arrest erosion (30+ years).  

Beyond 30 years, in the adaptive management phase, predicted annual erosion is expected to 

reduce by an order of magnitude, to very low rates as vegetation coverage increases to 

approximately 60-70%.  The impact of large, high magnitude storms events beyond e.g. 1 in 100 

years will depend on when they occur.  In the 0-15 year time frames, such storms can be 

expected to cause significant material loss and require extensive repair. 

7.5 Closure Objectives and Landform Performance 

Achieving closure objective #2 of 10, in the context of cover system performance, is discussed 

below. 

Closure objective #2 is as follows: 

 Construction of stable landforms that are compatible with post mining land use; 

o Stability pertains to geotechnical, erosional, and geochemical stability; 

 Geotechnical stability; maintainable at these standards: 

i. NOEF: Maximum Design Earthquake (MDE) – 1 in 1,000 year event; 

 Erosional stability; maintainable for these aspects: 

i. Cover system and landform to maintain functionality; 

ii. Sediment release from erosion does not adversely impact on water quality; 

iii. Erosion does not affect functionality of the landform; and 

iv. Resulting suspended solids can be mitigated. 

 Geochemical stability; defined / managed / monitored; 

i. Seepage water quality 
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7.5.1 Achieving Closure Objective #2 (Construction of Stable Landforms – Cover System and 

Landform Functionality) 

In the context of the presence of the cover system contributing to erosional stability, as defined by 

the NOEF cover system and landform maintaining functionality, the materials assessment, 

erosion modelling, and numerical modelling summarised in this Section of the report, as well as 

detailed in Appendix G, illustrates that Low to Moderate erosion rates are achievable in the short-

term time frame (0-100 years), and in the Very Low to Low range for the long-term time frame 

(100-1000 years). 

Maintenance and repair will be required during the adaptive management monitoring phase of the 

short-term time frame; however, this is a risk that the FMEA conducted for the cover system and 

landform (OKC 2016
2
) illustrates can be managed. 

Therefore there are cover systems that can meet the objective of erosional stability as defined in 

closure objective #2 of 10. 

7.5.2 Achieving Closure Objective #2 (Construction of Stable Landforms – Sediment and 

Suspended Solids) 

In the context of constructing a stable landform requirements, or specific criteria, have not been 

determined as yet for sediment release from erosion from the landform so that it does not 

adversely impact on surface water quality, and the resulting suspended solids can be mitigated.  

This will be developed as part of surface water modelling.  In turn, these NOEF surface water 

quality criteria could then be used to link to NOEF required performance, which would provide the 

necessary means for determining specific sediment and suspended solids criteria for the NOEF 

landform. 

The above work flow, or process, has not been completed for the EIS as yet; this aspect of 

landform design will be updated once the EIS surface water modelling has been completed. 
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8 NOEF CONCEPTUAL DESIGN FOR SURFACE WATER MANAGEMENT 

The NOEF landform and cover system is such that in limiting net percolation, clean surface runoff 

is generated and therefore must be accommodated in a robust open channel network that can 

convey the excess clean runoff to the surrounding environment.  Good surface water 

management is key in achieving landform performance objectives for surface water.  Design 

considerations include prevention of scouring the cover system, limiting the loss of soils and 

reducing sedimentation of surrounding surface waters. 

Surface water drainage is assessed herein using DRAINS software, which simulates the event 

hydrology and system hydraulics, i.e. the network of channel drainage.  The analysis was 

completed in order to calculate the flow rates, volumes and velocities for design of the drainage 

system.   

8.1 Description of NOEF Conceptual Surface Water Management  

Conceptual engineering design drawings provide the geometric detail of the NOEF drainage 

network and grading of surfaces.  The drains and surfaces are designed in 3D terrain model using 

Autodesk Civil 3D to ensure that all elements of the network integrate seamlessly.  Engineering 

drawings have been developed from the surfaces, along with additional details - these are 

provided in Appendix H.  The drawings are listed in Table 8.1. 

Table 8.1: NOEF landform surface water management drawing list. 

Drawing Number Drawing Description 

751-15-000 Cover sheet, drawings index and locality map 

751-15-001 Existing features plan 

751-15-002 2019 NOEF interim surface water management 
layout plan 

751-15-003 2022 NOEF interim surface water management 
layout plan 

751-15-004 2027 NOEF interim surface water management 
layout plan 

751-15-005 Interim NOEF catchment plan worst case mine 
affected runoff 

751-15-006 2032 final rehabilitated NOEF layout plan 

751-15-007 2032 final rehabilitated Catchment Plan 

751-15-010 Rehabilitated NOEF design layout plan 1 

751-15-011 Rehabilitated NOEF design layout plan 2 

751-15-012 Rehabilitated NOEF design layout plan 3 

751-15-013 Rehabilitated NOEF design layout plan 4 

751-15-014 Rehabilitated NOEF design layout plan 5 

751-15-020 Typical sections and details 
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8.2 Surface Water Management Design Assessment Approach 

Appendix H provides details on the surface water management assessment approach.  In 

summary, the approach for development of a conceptual design for the NOEF surface water 

drainage network includes an assessment to address: 

 The NOEF landform drainage design, including sizing of drains and integration with the 

cover system; 

 NOEF catchment delineations and event-based predicted catchment runoff rates using 

intensity frequency duration (IFD) data specific to the location of MRM; 

 Estimation of channel flow rates and velocities in the adopted 1 in 100 year critical design 

storm event, and +15% rainfall intensity scenario, included as a sensitivity assessment for 

climate change; and 

 Management of clean and dirty water runoff streams.   

8.3 Drainage of NOEF Surfaces 

The NOEF plateau is divided into several approximately equal sub-catchments to divide flows 

from the expansive plateau area.  Each plateau sub-catchment is graded towards a dedicated 

wide, rock-lined central swale that intercepts the shallow sheet flows and conveys it to one of six 

plateau outlets, located at the top of access ramps.  These areas provide a transition to the 

steeper drainage located along ramp access corridors, to the outlet at the base of the ramps.  The 

NOEF drainage layout is conceptualised in Figure 8.1. 

The plateau surfaces graded towards the swale at approximately 2-3%.  The shallow gradients 

provide increased times of concentration relative to steeper and smaller embankment sub-

catchments.  The difference in concentration times tends to separate/offset the plateau 

hydrograph from embankment hydrographs.  This avoids combining and amplifying peak flows 

rates anywhere on the NOEF, or within the NOEF drainage system. 

The NOEF access ramps are used to convey plateau flows to the toe of the landform, in addition 

to intercepting uphill flows from embankment areas.  The ramps traverse the NOEF 

embankments and intercept surface runoff from uphill embankment areas, though some 

embankments are continuous concave profiles from the crest to the toe of the landform. 

Embankment sub-catchments are expected to generate proportionally (on area) much less 

surface runoff than plateau areas as the coarser material has increased infiltration capacity.  This 

coarser material is preferred on embankments to provide erosion resistance, which is a 

characteristic of the breccia and shale materials.  Alluvium may be allocated to certain parts of the 

embankments for its ability to sustain vegetation, and will produce runoff rates similar to the 

plateau.  
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Figure 8.1 Conceptual NOEF landform surface water drainage layout. 

8.4 NOEF Landform Staging 

The NOEF landform is to be constructed in stages, with completion planned for 2032.  During 

construction, exposed areas of reactive waste rock will generated ‘dirty’ surface runoff, which will 

be directed to a series of contaminated water retention ponds surrounding the NOEF.  The NOEF 

is to be expanded and completed clockwise from the south embankment immediately north of the 

SPROD until the landform is completed in 2032.  Selected stages of development are shown in 

Figure 8.2 to illustrate the progression. 

Plateau and embankment drains are to be utilised for either clean or dirty runoff at a given time as 

required.  Usage will change over time, from dirty to clean and is dependent on the progress of 

cover system construction in the contributing catchment.  Only drains conveying water from 

catchments with completed cover system construction will be designated as clean water drains, 

and potentially suitable for discharge without prior treatment. 
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Figure 8.2 NOEF expansion and landform staging for 2019, 2022, and 2027. 
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In areas of active deposition, surfaces will be uncompacted and uneven, therefore very high rates 

of infiltration can be expected and relatively low rates of runoff are expected within these areas.  

During operations, it is expected that adjustments to dirty water drainage alignments will be 

required to ensure that water generated from active areas is directed to dirty water collection 

drains, sumps and dams.  Dirty water can be collected/transferred to sediment basins for 

treatment, monitoring and discharge in accordance with the overall management of site water. 

8.5 NOEF Surface Water Management Design Summary 

The modelling conducted to support the conceptual surface water management design looked at 

catchment sizing and peak channel flow velocities for design storm events; including allowance 

for climate change.  Importantly, the modelling reflects the materials properties expected to be 

placed on surface. 

Results indicate that all elements of the system perform satisfactorily to convey runoff in the 

design events.  Velocities in embankment drains are generally high, as is common for drainage of 

mine landforms because of the expansive plateau areas and overall relief.  This is to be mitigated 

through the use of coarse rip-rap type energy dissipation and scour protection, constructed to 

interlock and resist the high flow rates and maximum predicted velocities. 
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9 EVALUATION OF COVER SYSTEM AND LANDFORM PERFORMANCE 

9.1 May 2016 FMEA Workshop Context 

The May 2016 FMEA workshop illustrated that, in terms of cover system and landform 

performance, the adaptive management phase of the short-term time frame would allow for 

addressing any cover system and landform construction issues, and also for the cover system 

and landform to “settle into its constructed environment”, while maintenance and repair is 

conducted.  The assessments and modelling conducted and reported herein, support the FMEA 

workshop results in that the cover system and landform design failure modes and effects / 

pathways have been appropriately assessed and that risks associated with this aspect of the 

NOEF are manageable in the short-term, and long-term.  In addition, that the FMEA assessment 

was conducted in the context of the ten closure objectives developed during the May 2016 

workshop. 

9.2 Additional Assessments Arising from May 2016 FMEA Workshop 

The May 2016 FMEA workshop identified a series of failures modes and effects / pathways that 

were not specifically addressed by the cover system and landform design assessments 

summarised in Sections 5 through 8 of this report.  Hence, additional assessments on these 

failures modes and effects/pathways was conducted and is summarised below, and detailed in 

Appendix F.  Table 9.1 summarises the completed FMEA risk assessment and the additional two 

failure model that were not previously assessed in the workshop. 

Appendix F provides specific details on the approach and results of the assessments for each of 

the nine failures modes listed in Table 9.1.  Following these assessments, the nine failure modes 

were reassessed, as summarised in Table 9.2.  Details and comments on the risk reassessments 

are found in Appendix F. 

The reassessment illustrates that, for all substantive reasoning, these additional failures modes 

are all ranked as having low to moderate risk, as shown in Table 9.2, and all risks are 

manageable.   
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Table 9.1: Summary of additional workshop cover system FMEAs. 

 

Table 9.2: Summary of reassessed failure modes. 
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1.Introduction 

The Northern Overburden Emplacement Facility (NOEF) is the principal waste rock dump of the McArthur 

River Mine (MRM). The facility is located north of the open pit (Figure 1), and is accessed by a bridge over 

Barney Creek. It has been in continuous operation since May 2008 and to date covers a surface area of ca 228 

ha, and as of July 2016 holds 57.7M m3 of waste rock material dominated by dolomitic shales, dolomitic 

breccias and pyritic shales.  

Key infrastructure in the NOEF area includes the two operational Perimeter Run-off Dams (PRODs) which 

are designed to capture and store run-off waters from the NOEF: the South PROD (SPROD) and the South 

East PROD (SEPROD). The West PROD (WPROD) is under construction through 2016. 

The primary role of the NOEF is to securely store, both physically and geochemically, the overburden mined 

from the open cut. The understanding of the overburden properties is a key input into the design and 

operation of the facility. The waste rocks are classified and placed according to their geochemical properties, 

and the correct placement of the respective rock types is crucial for the NOEF to perform as per its design 

intent. However, increased geochemical understanding of the MRM waste rock gained as part of 

investigations committed to in the Phase 3 EIS has resulted in a fundamental revision and update of waste 

classification criteria since the original criteria were established in 2005 by URS. Understanding the 

geochemical composition of the existing NOEF is important in determining how to appropriately manage 

the facility to achieve the objectives of the Overburden Management Project EIS (OMP EIS).  

 

Figure 1 Location of NOEF in relation to other site areas and NOEF stages 
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2.Background Information 

2.1. Waste Rock Classification 

2.1.1. MRM/URS (2005) Classification criteria 

Up until January 2014, MRM used the URS 2005 classification criteria for classifying waste rock. The majority 

of the rock placed in the current NOEF was therefore classified according to these criteria. The criteria are 

presented in Table 1. 

Table 1: URS 2005 Criteria 

NAPP (kgH2SO4/t) NAG pH Class Description 

NAPP ≤ 0 pH ≥ 4.0 NAF Non Acid Forming. Material considered at low risk of generating 

Acid Mine Drainage. Does not require encapsulation 

NAPP > 0 pH < 4.0 PAF Potentially Acid Forming. Material considered at higher risk of 

generating Acid Mine Drainage. Require encapsulation  

NAPP ≤ 0 pH < 4.0 Uncertain The testing is inconclusive. Further testing required to 

adequately characterise the material 

NAPP > 0 pH ≥ 4.0 Uncertain The testing is inconclusive. Further testing required to 

adequately characterise the material 

 

While considering the risk of acid mine drainage generation, the URS 2005 criteria selected for the 

classification do not take into consideration the risk of neutral saline and/or metalliferous drainage 

generation from the material. This has little effect on the treatment of material classed as PAF because its 

acid generation potential means that the material needs to be encapsulated and isolated from both water and 

oxygen in any case, but the material classed as NAF may not be environmentally benign. While unlikely to 

lead to Acid Drainage, a proportion of it may generate saline / neutral metalliferous drainage and thus also 

require some form of protection or encapsulation.  

 

2.1.2. MRM/KCB (2014) Classification Criteria  

The MRM/KCB (2014) AMD classification criteria for rock overburden are presented in Table 2. The 

classification was implemented in January 2014 and is currently being used by MRM. The process of 

validating and fine tuning the cut-off values is ongoing through kinetic geochemical testing as part of the 

current EIS (Overburden Management Project). Minor variations may arise in the absolute values used for 

the key indicators, but as very conservative initial values were selected it is very unlikely that significant 

changes to most classes will occur. Note that the criteria for the definition of LS-NAF (HC) have been 

tailored to meet the water quality criteria in the 2015 Waste Discharge License. If these criteria were to 

change, the parameters for defining LS-NAF (HC) may change also.  

 



Version Number 2, November 2016  |  7 
 

Table 2: MRM/KCB 2014 Criteria 

NPR Sulphur  Metals Class Description 

NPR ≥ 2 S < 1% and Zn < 0.4 % 

Pb < 0.04% 

Cu < 700 ppm 

LS-NAF(HC) Low Salinity High Capacity NAF. Material 

considered at low risk of generating Acid Mine 

Drainage and Saline Metalliferous drainage. 

Provides reasonable acid consumption capacity. 

NPR ≥ 2 S ≥ 1% and/or Zn ≥ 0.4 % 

Pb ≥ 0.04% 

Cu ≥ 700 ppm 

MS-NAF(HC) Metalliferous Saline High Capacity NAF. Material 

considered at low risk of generating Acid Mine 

Drainage but higher risk of generating Saline 

Metalliferous drainage Provides reasonable acid 

consumption capacity. Requires some form of 

encapsulation 

1 ≤ NPR < 2 S ≥ 1% and/or Zn ≥ 0.4 % 

Pb ≥ 0.04% 

Cu ≥ 700 ppm 

MS-NAF(LC) Metalliferous Saline Low Capacity NAF. Material 

considered at low risk of generating Acid Mine 

Drainage but higher risk of generating Saline 

Metalliferous drainage Provides limited to no acid 

consumption capacity. Requires some form of 

encapsulation 

NPR < 1 S < 10%  N/A PAF(HC) High Capacity PAF. Material considered at higher 

risk of generating Acid Mine Drainage, and is 

likely to have a significant capacity to do so. 

Requires encapsulation 

NPR < 1 S ≥ 10%  N/A PAF(RE) Reactive PAF Material considered at higher risk of 

generating Acid Mine Drainage, and at a higher 

risk of spontaneous combustion. Requires 

encapsulation.  

 

The principal differences between the older URS criteria and the current ones are the use of the Neutralising 

Potential Ratio (NPR) to assess the risk of acid generation, and the inclusion of Sulphur and metal cut-off 

values to determine the risk of saline and/or metalliferous drainage. While the classification scheme does not 

rely on the NAG pH, pH measurements are used for further confirmation of the classification results.  

The introduction of the new classification system has had very little impact on the PAF classification, 

therefore material previously classed as PAF remains in the PAF categories. The most significant changes are 

in the NAF categories, where two out of the three NAF classes (the MS-NAFs) are not considered 

environmentally benign and are at risk of developing either Saline or Neutral Metalliferous Drainage. 

Previously, they were all considered benign. 

Note that alluvium is classed as LS-NAF (HC). Low grade ore is classed as PAF (HC). 

 

2.2. Original NOEF Design  

The fundamental objective behind the original NOEF design was the isolation of environmentally 

deleterious material (PAF) from the environment. Specifically, the design aimed at limiting the ingress of 

both oxygen and water into the waste dump so as to restrict the oxidation rate of sulphides (predominantly 

pyrite), and limit water ingress which could develop into potential seepage. Management of these two 

components of the OEF would then control contaminant loads that may be available to the receiving 

environment. 
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Figure 2 shows the detail of the original design for the NOEF (URS, 2008) and the mitigation strategies used 

to limit PAF oxidation. When the NOEF was originally designed, the expected life of mine (LOM) 

proportions were approximately 80% NAF and 20% PAF, so there was abundant NAF for protection and 

encapsulation of the PAF. 

 

 

Figure 2: Detail from the URS (2008) NOEF design 

 

The key concepts and design features were:  

 The western side (Figure 1) of the NOEF would feature PAF cells in the core, surrounded by NAF 

(Figure 2). The eastern side would be built entirely out of NAF, as there was so much NAF available;  

 On the western side, the structure was set up to encapsulate PAF material in a thick cover of NAF 

ͦ A NAF base (construed to be environmentally benign material) was planned as Lift 1 to elevate all 

PAF and low grade ore stockpiles above the 100 year flood level. The upper surface of the NAF 

base was inclined at a gradient of approximately 1V:50H towards the perimeter of the OEF. The 

base was to be built in low lifts (2-3m thick) to limit the risk of differential settlement under the 

PAF cells; 

On top of the base, a 0.6m thick low permeability Compacted Clay Layer (CCL) was designed to 

limit percolating waters from seeping through the base, and oxygen ingress; 

ͦ At the perimeter of the OEF, a Perimeter Run-off Dam (PROD) was designed to capture runoff 

from the CCL. Its spillway would be above the 100 year flood level, and the capacity would limit 

the spill risk in high rainfall to less than 5%; 

ͦ PAF would be built on the Lift 1 CCL, in up to 15m lifts, for a thickness of approximately 40m. The 

batters would be sloped back to a 1V:4H gradient; 

ͦ A PAF cell CCL would then be constructed on the slopes and top of the PAF to fully encapsulate it. 

ͦ A NAF layer with a true thickness of 20m would then be built around the sides and on top of the 

PAF cell, in up to 15m lifts; 

ͦ A cover system would be constructed over the NAF above the PAF cell, comprising a 0.6m thick 

CCL, 0.6m NAF protective layer, and 0.1m of topsoil; 

 On the eastern side, the NAF was designed as 15m lifts with a similar 1V:50H slope to the perimeter 

ͦ No PROD was required due to only NAF being used. Sediment traps were specified instead to 

drop out excess sediment before discharging the water to the receiving environment; 

ͦ The cover system consisted of a 0.6m thick protective layer and 0.1m of topsoil. The batter angles 

would depend on the nature of the rockfill used, with coarse durable material able to stay at the 

angle of repose. 
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The design assumes that all NAF used in the base and the cover of the PAF is environmentally benign. All 

environmentally deleterious materials are encapsulated within the PAF cell. However, the update to the 

MRM waste classification in 2014 indicates that a significant proportion of the MRM NAF has a potential risk 

of generating neutral metalliferous and/or saline drainage. Therefore, material placed in the base of the 

NOEF below the flood level, and in any of the outer 20m thick NAF layer, may not be compatible with the 

original design intent.  
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3.NOEF Investigations  

To understand the risks that the existing NOEF may pose to the environment and enable MRM to formulate 

strategies on how to manage that risk, MRM has undertaken several investigations into the existing NOEF as 

part of the Overburden Management EIS. This section describes the methods used, and the findings. 

 

3.1. Methods of Investigation 

Three separate lines of investigations were used to gain as much data as possible in order to gain a better 

understanding of the structure and composition of the existing NOEF.  

3.1.1. Historical Reconstructions  

The available historical data on waste rock movement and placement since the beginning of construction has 

enabled a detailed reconstruction of the NOEF from May 2008 to 2016. The principal tools used include: 

 Detailed survey records: End of Month scanning of the NOEF enabling the precise month by month 

location and calculation of volumes placed on the NOEF over time, and therefore form the 

fundamental data set used for reconstructing the NOEF; 

 Mining Production Database: production database records of monthly mined quantities, material 

types and haul fleet destination were used in combination with the geological block model to 

determine the quantities and types of overburden mined month by month; 

 Geological Block model: depletion of the open cut geological block model enables the reconstruction 

on a monthly, quarterly and yearly basis of the quantity and geochemical properties of mined 

overburden. The block model estimations are then reconciled with the production data and the 

survey data of the NOEF to track material placement by class within the NOEF; and  

 NOEF block model: based on the historical data, a geological block model of the NOEF itself was 

constructed.   

3.1.2.  NOEF Drilling for Sampling and Hydrology 

An investigative drilling campaign through the NOEF was undertaken in 2015. The objectives of the drilling 

were to: 

 Obtain in situ geological and geochemical information on the dumped materials and the foundation 

below the NOEF. This included documenting the extent of weathering and sulphide oxidation 

within the OEF; 

 Conduct geotechnical testing of samples to inform stability modelling; 

 Install a series of groundwater monitoring bores; and 

 Obtain temperature profiles and gas composition data through the NOEF. Temperature readings were 

taken as part of the general safety procedures and also are a key parameter that can inform the rate 

and extent of oxidation, which can in turn inform the development of a remediation strategy.  

A total of seven locations were selected for investigation, based on the understanding of the NOEF 

architecture at the time and knowledge gaps in groundwater monitoring. The drill cores extended through 

the entire NOEF profile and into the basement to intersect the first shallow aquifer. 
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3.1.3. NOEF Drilling for Temperature and Gas monitoring 

In addition to the monitoring of gases and temperature during the 2015 drilling program, an additional 12 

temperature and gas monitoring bores were installed in 2016. The temperature and gas monitoring bores 

were drilled through the PAF cell only and did not intersect the basal clay liner so as to not compromise its 

integrity.  

The bores are instrumented with high temperature thermocouples and gas ports placed at different levels 

within the PAF cell which enable the regular monitoring of internal temperatures and pore gas composition 

of the NOEF.  
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4.Historical Reconstructions 

4.1. General Arrangement  

The current as-built NOEF structure generally conforms to the original URS 2008 NOEF design. Figure 3 

shows a plan view of the NOEF in 2015, where the well-developed western stage with the PAF cells is 

visible, as distinct to the under-developed NAF eastern stages. A north-south cross section through the 

NOEF is shown in Figure 4, showing the location of the internal CCL between the NAF base and the PAF 

cell. It can be compared to the design concept of URS in Figure 2. 

The NAF base (yellow in Figure 3) contains approximately 36M m3 of NAF and alluvials mined from the 

open cut. The base has a slope of approximately 1V:50H to the south (Figure 4) to promote runoff into the 

PROD’s, so the base is at its thickest at the north (ca 22m) and thinnest at the southern face (12m) where it 

joins SPROD (or SEPROD for the east side).  

The east side has a portion of Lift 2 NAF (15m high) tipped out. The west side has some Lift 2 and Lift 3 NAF 

tipped out, which was part of the URS 20m thick NAF cover. 

The PAF cells (in the red footprint area in Figure 3) contain approximately 25M m3 of PAF overburden, 

positioned on top the NAF base. The PAF cell is isolated from the base by a CCL that slopes towards the 

SPROD. The PAF cell was generally constructed with paddock dumps at the bottom of a lift before end 

dumping over the top in 12m to 20m lifts. This has formed the PAF cells up to a maximum thickness of 42m.  

 

 

Figure 3: Material type distribution on the NOEF.  
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Figure 4: North-south cross section through the NOEF showing the location of the former natural surface, the CCL, and the PAF 

cell. The CCL above the base is sloping towards the PROD as per the original NOEF design.  

 

The low grade ore stockpile (‘LGO’ purple areas in Figure 3) is shown within the PAF cells. Low grade ore, if 

not processed, was classed as PAF. The LGO was set aside in case the economics changed and operation 

desired to process it in the future. The low grade ore stockpile is essentially a subset of the PAF cell set aside 

for this special PAF type. Approximately 1 M m3 of low grade PAF known as ‘6-8 LGO’ was placed on top 

the NAF base, isolated by a CCL. The material is partially capped by a clay layer and a layer of metalliferous 

saline NAF. As at December 2016 most of this 6-8 LGO (PAF) has been rehandled off the NOEF, and either 

processed or on the ROM pad to be processed. 

The plan also shows various clay and topsoil stockpiles reserved for use in construction and rehabilitation in 

the future. 

 

4.2. Survey Data 

Three dimensional laser scans of the NOEF taken monthly by the MRM survey department enable a detailed 

reconstruction of the NOEF over time. Figure 5 shows the evolution of the NOEF footprint and volume from 

the end of 2008 to the end of 2015. While monthly time steps are available, only annual time steps are shown 

here for clarity. The digital terrain surfaces are overlain on the 2016 aerial photo of the NOEF for reference.  

Superposition of the survey records enable a reconstruction of the internal construction sequence of the 

NOEF. Figure 6 presents a north-south cross section through the centre of the NOEF showing the internal 

yearly time steps obtained from the survey records. The surfaces enable the determination in space of where 

material was added to the NOEF with a monthly resolution, and an estimate of the volumes placed.  

It also gives a record of the location of former outer batters, and the duration of time they were in place. For 

example, Figure 6 shows that on this section of the northern face of the NOEF, some batter sections have 

been constant between 2013 and 2014, and again between 2014 and 2015. This can give valuable information 

for understanding the spatial distribution of spontaneous combustion, and assist in determining long term 

remediation strategies. This is because outer batter regions in PAF cells tend to have a higher susceptibility 

to combustion owing to the increased access to oxygen.  

The monthly survey data also enabled determination and validation of the lift heights over the spatial and 

temporal extent of the NOEF. This information was used in assessing geochemical loads and potential for 

oxidation. 
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Figure 5: NOEF annual development (end of year shown) on 2016 aerial photo



Version Number 2, November 2016  |  15 
 

 

Figure 6: The N-S cross section for Figure 4 showing annual development and static northern faces.  

 

 



 

 

4.3. NOEF Block Model 

The spatial information obtained from mining survey records was used in conjunction with the open cut 

geological block model to obtain the material properties for the material mined during a given period. This 

information was cross checked with mining production data that records daily material movement and 

combined to build a monthly resolution block model of the NOEF. 

The NOEF block model was given a series of parameters including time of placement, material type, average 

sulphur content, metal content, etc. The parameters of the NOEF blocks are then assigned from the open cut 

geological block model to the NOEF model, and therefore are directly equivalent: essentially, a volume of 

rock mined out of the open cut during a given period is assigned a spatial destination on the NOEF based on 

the survey records.  

Figure 7 presents north-south cross section views through the NOEF block model, showing the various 

yearly time steps within the PAF cell and the NAF base.  

 

 

Figure 7: Sections through the NOEF block model coloured by year, and filtered for 2011 only (c) 
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4.4. PAF cell composition investigation 

Using the survey and block model data and an understanding of the geological mark-up methods, the as-

built composition of the various zones of the NOEF could be estimated. The reconstructed composition of 

the PAF cell is presented in Table 3. The years 2008 and 2016 have been omitted from the reconstruction 

owing to the very low quantities of waste rock placed onto the NOEF during these periods. The information 

is presented in a graphical form in Figure 8. Note that the WOEF was in operation from 2009 to 2010 and 

2012 to 2014 also, but was a minor OEF. 

 

Table 3: NOEF PAF cell composition 

 2009 2010 2011 2012 2013 2014 2015 Total  

alluvium      222,875 244,764 467,639 

2% LS - NAF 

ls-naf (hc)  1,810 2,223 18,264  18,467  40,763 

ms-naf (hc)  665,498 480,397 915,302 2,340,337 1,139,155 485,530 6,026,218 

57% MS – NAF 

ms-naf (lc)  443,891 1,435,691 1,063,351 2,858,926 2,462,045 537,938 8,801,843 

Paf (hc) 52,681 192,058 1,421,235 399,529 2,720,847 1,504,606 518,544 6,809,500 

41% PAF Paf (re) 25 39,494 360,978 726,987 277,113 829,679 605,904 2,840,180 

LGO 646,238 202,489 146,217     994,943 

Total  698,944 1,545,240 3,846,741 3,123,433 8,197,223 6,176,826 2,392,680 25,981,086 
 

 

 

Figure 8: NOEF PAF cell composition over time. 
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The reconstruction shows that while the original purpose of the NOEF PAF cell was to receive PAF material, 

only 41% of the PAF cell volume itself consists of PAF types. The majority (57%) of the PAF cell consists of 

metalliferous saline NAF, while LS-NAF (HC) and alluvials only contribute 2% of the total volume. The only 

years where PAF contributed more than 50% of the material placed was in 2009 and 2011. In 2010 more than 

70% of the material placed was in fact MS-NAF.  

The large proportion of NAF in the PAF cell is largely attributable to three factors: 

 Historically, lithostratigraphic units dominated by PAF material such as the Black Bituminous Shale 

(BbH) and the Upper Pyritic Shale (UpH) were automatically defaulted to PAF. The whole unit was 

mined as PAF despite the fact that up to 30% of these units is NAF;  

 Historical conservative mining practices in the pit. Because of the difficulty in clearly identifying the 

NAF/PAF boundary in the pit (in particular at the BbH and Lower Pyritic Shale boundary), an offset 

was used by the Geology Department in order to lower the risk of PAF being dumped in the NAF 

portions of OEFs. This has resulted in significant quantities of MS-NAF being mined as PAF; and  

 Orebody interbeds and the lowest unit of the Lower Pyritic shales which are in contact with the 8 

orebody have historically been designated as PAF and placed in the PAF cell. Geochemically 

however, they are actually a metalliferous NAF rather than PAF.  

In summary, overly conservative mining practices have resulted in the NOEF PAF cell being primarily 

composed of metalliferous saline NAF, with only a minor PAF component. This has led to a significant 

overestimation of reported mined PAF quantities by MRM from the years 2009 to 2015.  

 

4.5. NAF base composition investigation 

The reconstructed composition of the NAF Base is presented in Table 4. As per the PAF cell reconstruction, 

the years 2008 and 2016 have been omitted from the reconstruction owing to the very low quantities of waste 

rock placed onto the NOEF during these periods. The information is presented in a graphical form in         

Figure 9.  

 

Table 4: NOEF NAF base composition 

 2009 2010 2011 2012 2013 2014 2015   

alluvium 525,580 4,023,976 1,291,657 2,368,957 1,248,658 0 134,545 9,593,373 

36% LS - NAF 

ls-naf(hc) 309,237 599,028 57,275 369,057 1,729,526 0 383,003 3,447,126 

ms-naf(hc) 444,135 2,468,007 1,320,688 3,462,682 2,055,090 1,618,831 240,250 11,609,683 

60% MS - NAF 

ms-naf(lc) 22,393 1,601,789 2,690,648 2,582,575 532,742 2,817,983  10,248,129 

paf(hc)  191,894 441,369 191,489 104,891 279,170  1,208,813 

4% PAF  

paf(re)  276 2,388 53,047 2,144 53  57,908 

Total  1,301,345 8,884,969 5,804,025 9,027,807 5,673,050 4,716,036 757,798 36,165,030  
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Figure 9: NOEF NAF base composition over time. 

 

The reconstruction shows that the NAF base is composed of approximately 36% LS-NAF, 60% MS-NAF and 

4% PAF material. The small amount of PAF contamination is a result of skinny PAF interbeds amongst NAF 

units mined from the hanging wall of the orebody which are too small to be selectively mined. The benign 

fraction largely consists of the alluvials excavated as part of the pre-strip of each new pit stage: in 2009 and 

2010, alluvials made up over 40% of the volume of NAF placed on the NOEF. This significantly increases the 

amount of benign NAF in the base, as only 10% of the total volume comes from LS-NAF (HC) lithologies.  
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4.6. Overall NOEF composition 

The overall composition of the existing NOEF is presented in Figure 10.  

 

Figure 10: Overall NOEF composition. 

 

Overall, the NOEF is comprised of 22% environmentally benign LS-NAF (almost all of it located in the NAF 

base), 59% MS-NAF (60% of which is located in the NAF base), and 19% PAF.  

Reconstruction of the NOEF using actual volumes from survey records and the updated MRM geology block 

model indicates that the total quantity of PAF actually placed on the NOEF is much lower than the 

historically reported quantities mined as PAF. The PAF cell accounts for 42% of the total NOEF volume, but 

is predominantly composed of metalliferous saline NAF. While the material still requires encapsulation and 

is at risk of generating neutral metalliferous and saline drainage, this does significantly lower the risk profile 

of the facility in terms of acid drainage generation, drainage likely to be associated with much higher metal 

loads than under circum neutral conditions.  
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5.NOEF Drilling 

5.1. Drilling Programs 

Drill programs were conducted through 2015 and 2016. The NOEF drilling locations are located in 

Figure 11. This section describes the methods used, presents the results, and analyses the information. 

The 2015 locations are in green, while the 2016 locations are in red. 

 

Figure 11: NOEF program drilling locations.  

5.2. Risk assessment 

5.2.1. Risk assessment process 

A comprehensive risk assessment was undertaken prior to the commencement of the drilling program 

involving Consultants, project members, drilling operators and mine operational technicians and engineers. 

5.2.2. Control measures 

Besides the inherent risks associated with drilling activities, the risk assessment process identified three 

major risks specifically associated with drilling into the NOEF: 

 Risk to personnel and equipment owing to possible high temperatures within the NOEF; 

GWNOEF-6 

GWNOEF-5 

GWNOEF-7 

GWNOEF-3 

GWNOEF-4 

GWNOEF-9 
GWNOEF-8 
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 Risk to personnel owing to possible elevated noxious gas levels; and 

 Environmental risks owing to drilling through PAF material and puncturing clay liners. 

A summary of the controls put in place are presented in Table 5  

Table 5: Summary of principal controls 

Risk Controls 

High temperature Dry drilling  

Short runs (1.5m to 3 m) to enable the progressive monitoring of temperature 

Temperature monitoring of core barrel, recovered core and downhole 

temperature at every run 

Design and construction of specific core receiving and handling equipment 

Steel casing for water monitoring bores through PAF cells 

Welding gloves for off-siders 

Metal core trays  

Noxious Gases Half face and full face gas masks with acid filter cartridges for SO2 and H2S  

Personal SO2 monitors worn at all times 

Two MX6 multi-gas analysers with SO2, H2S, CO2, CO and O2 sensors to 

measure top of hole casing and work area. 

Gas measurements taken at top of every bore run 

Sonic drilling (no injection or return of air from the bore) 

Gas extraction fans at the top of the hole  

Work areas set up with consideration of weather conditions 

ERT and MRM medic briefed every day on location of crew 

Environmental risks Dry drilling. No injection of water or drilling fluids in the NOEF 

Use of Calcium bentonite for sealing bores to avoid cation exchange problems 

over time with conventional sodium bentonite 

No puncturing of internal CCLs if extreme temperatures are encountered in 

the vicinity of the CCL. 

Stainless steel bore casing used through PAF cells to ensure integrity of bore 

 

5.3. Drilling method 
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5.3.1. Sonic drilling 

Sonic drilling is a comparatively recent technique where the entire drill string and drill bit is brought to a 

very high vibration frequency (up to 150 Hz). The vibration strongly reduces friction on the drill string and 

drill bit due to liquefaction, inertia effects and a temporary reduction of porosity of the soil. Sonic drilling 

was selected as the safest and most appropriate drilling method for several reasons: 

 Performance in broken ground: the sonic drilling technique is specifically adapted to drilling in 

broken and/or unconsolidated ground, with good penetration rates and core recovery: core recovery 

averaged over 90% during the current program on 3m runs; 

 Shallow drilling: the program did not require drilling past 90m, which is within the capacity of sonic 

rigs; 

 Dry drilling: sonic drilling does not require the use of water or drilling muds to reduce friction, a 

significant consideration when drilling through existing PAF cells where the addition of water is not 

advisable due to the foreseeable risks; and 

 No air injection: sonic drilling does not require the injection of air down hole, thereby removing the 

potential hazards of ventilating the PAF cells as drilling proceeds and having a potentially toxic 

atmosphere in the returned air, as could be the case with RC drilling for example. 

Safety and prior experience in operating under sensitive and noxious gas conditions was a key component of 

the drilling company selection process. The drill rig type was a TerraSonic TSi 150cc track mounted sonic rig, 

one of the most powerful sonic drill rigs currently available.  

 

5.3.2. Site set up 

The principal factor considered in the drill site set up was the need to protect personnel from exposure to 

potentially noxious gases venting from the top of the drill hole. In addition to the use of PPE and gas 

monitoring equipment, this was achieved by implementing two primary controls: 

 Gas extraction fans: two industrial extraction fans were set up to extract venting gases at the top of the 

hole away from the work area (Figure 12). The air intakes were located at two different levels: one 

on the ground immediately adjacent to the top of the casing, the other higher up above the bottom 

clamps of the drill rig. The outlets were located a safe distance (10 m) downwind of the rig; and 

 

Figure 12: Gas extraction fans and pipes convey potentially toxic gases to a safe distance downwind of the work area.  
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 Site orientation: in order to minimise the risk of venting gases being blown into the work area, the drill 

rig and support rod trailer were oriented perpendicular to the prevailing wind direction, with the 

driller and off-siders located upwind of the hole. The area downwind of the rig was made an 

exclusion zone for all personnel during drilling operations. All support vehicles, work, access, rest 

and emergency assembly areas were set up up-wind of the drill hole. 

 

5.3.3. Core handling 

Because of the possibility of having to handle high temperature cores in the PAF cells, specific high 

temperature core receiving and handling equipment was manufactured for the program (Figure 13). The 

equipment enabled the safe extrusion of 1 m length of hot rocks from the core barrel without manual 

handling by personnel, and safe transport to the receiving core trays for logging and sampling. The core was 

manipulated and sampled once safe to do so.  

 

 

Figure 13: core receiving device manufactured on site for the safe handling of high temperature rocks.  

 

5.3.4. Gas management 

Ambient gases were monitored continuously during all operations including drilling and well installation. 

In addition to potential noxious gases venting from the drill hole, Sulphur Dioxide (SO2) was monitored for 

presence in the general work area owing to its potential presence on the NOEF from either drilling 

operations or from other operational areas in the vicinity. The gas monitoring equipment used included: 

 Two Scientific Industrial MX6 Multi gas analysers with pump units for active sampling of the ambient 

air; 

Gases monitored included: 

o O2: monitoring for oxygen depletion, a likely consequence of sulphide oxidation; 

o SO2: potentially present in the NOEF PAF cells due to the oxidation of sulphides; 

o H2S: known to be produced by the oxidation of pyrite; 
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o CO2: produced by dissolution of carbonates; and 

o CO: potentially present owing to the organic content of some lithological units in particular 

the Black Bituminous Shale 

  The first analyser was permanently located on the drill rig next to the driller to monitor the 

work area in close vicinity of the drill hole. It was placed primarily as a control to monitor the 

proper function of the extractor fans. The second analyser was fitted with a telescopic sampling 

tube in order to safely monitor the gases at the top of the drill hole and close to ground level 

where the heavier gases may settle (Figure 14).  

  The MX6 analysers continuously recorded and stored measured gas levels. Gas levels were 

recorded at every run during the drilling, and the full dataset was downloaded and processed 

at the end of every hole.  

 Personal SO2 monitor: all personnel carried a personal SO2 monitor at all times in order to detect 

potential sulphur dioxide present in the work area. 

 

Figure 14: top of bore casing gas measurements using the sampling tube and MX6 gas analyser 
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Figure 15: Gas extraction fans functioning during GWNOEF-8S2 drilling. The hot gases and vapour are efficiently extracted from 

the top of bore, effectively securing the work area 

 

Figure 16: Toxic fumes exit from the gas extraction pipes downwind of the work area and a safe distance away 

 

5.3.5. Temperature monitoring 

Due to the possibility of encountering high ground temperatures during the drilling, the temperature of the 

drilling equipment and extracted core was carefully monitored. Three different thermometers were used: 

 Infrared thermal imaging camera: the thermal imaging camera enables the remote measurement of 

temperatures over a broad area and the capture of thermal images for records; 
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o Used to monitor the temperature of the core barrel at the end of every run prior to being 

handled by the off-siders; 

o Used to survey the temperature of the extracted core;  

 Digital infrared temperature gun: used as a backup for the thermal camera and for measuring the core 

temperature; and 

 Downhole thermocouple: a thermocouple was used to measure down hole in situ temperature, 

however this was limited to the first 30m. Below this level, the temperature was recorded using the 

average core temperature for the run. Comparison between the two values in the first 30m shows a 

good agreement.  

 

 

Figure 17: downhole temperature measurement during drilling of GWNOEF-7S using a downhole thermocouple. 

 

 

5.4. Sample Collection 

5.4.1. Geotechnical sampling 

Following extraction of the core from the core barrel, the temperature was recorded and the core was 

weighed in metre sections. Two to three kilograms of sample were collected as soon as possible every metre 

for geotechnical analysis. The samples were sealed in double plastic bags to prevent any moisture loss.  

Geotechnical testing was conducted at the Laboratory of Geomechanics at the School of Civil Engineering, 

University of Queensland in Brisbane. Testing parameters included moisture content and total suction. 

In addition to the core sampling, 7 undisturbed samples of clay were taken by push tube in the Compacted 

Clay Liner (CCL) layers and in the natural foundation below the NOEF. 
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Figure 18: Recovery of undisturbed clay sample by push tube during the drilling of GWNOEF-8NSL 

 

5.4.2. Geochemical sampling 

The geochemical composition of MRM waste rock is well documented from drill core assays, block model 

estimates, and monthly monitoring sampling. The stratigraphy and general emplacement locations of the 

various rock types within the NOEF are known and therefore a high sampling density is not required to 

geochemically characterise the NOEF. The purpose of the sampling program was aimed at determining the 

extent of weathering/oxidation in the PAF cells, as well as the NAF base.  

 Three kilograms of rock samples were collected every 3 metres for geochemical analyses. All 

samples were analysed for paste pH, Acid Neutralising Capacity (ANC), Net Acid Producing 

Potential (NAPP), Net Acid Generation (NAG), Total Sulphur (S), Total Organic Carbon (TOC) and 

Multi-element analysis. 

In addition to the above tests, 14 samples through the profile were selected for additional testing including 

Shake Flask Extraction (SFE), Kinetic NAG testing and Sulphur speciation. The samples included zones of 

visible oxidation and/or elevated temperatures. The results from the analyses are presented in Section 5.2. 

5.5. Well installation 

5.5.1. Water monitoring bores 

The program included the installation of 15 permanent groundwater monitoring bores at 7 locations within 

the NOEF (Figure 19) for ongoing sampling. The targeted zones were:  

 The lift 1 CCL: located at the base of the PAF cell, immediately above the NAF base. One monitoring 

bore was placed on top of the lift 1 CCL at location 7 in order to monitor the presence of water on 

top of the low permeability layer; 



Version Number 2, November 2016  |  29 
 

 The shallow groundwater aquifer: located in the foundation below the former natural surface, the 

shallow groundwater aquifer was defined as the first water bearing zone encountered during 

drilling. It is most commonly encountered in the alluvials or in the weathered bedrock horizon; and 

 The former natural surface level: Monitoring wells were placed at the former natural surface level to 

determine whether water was present at the base of the NOEF, and if it shows seasonal variations. 

A generic construction diagram of the NOEF water monitoring wells is presented in Figure 20. A vertical 

bore is drilled to the target depth. A 50mm diameter bore casing is then installed consisting of a PVC screen 

(1 to 6 m) attached to a PVC bore casing. For all wells installed through the NAF base, as well as the ones on 

top of lift 2 (Site 7), the PVC bore casing extends all the way to the top of the well. For the wells drilled 

through the centre of the PAF cells (location 8), the PVC casing only extends to within 2 m of the top of the 

NAF base, then a 50 mm diameter stainless steel bore casing is used through the PAF for increased 

temperature resistance. The bore hole was then backfilled: silica sand was used for the screened zone, with 

the sand extending 1m above the screen. The rest was backfilled with bentonite clay to the top of the well. 

Calcium Bentonite was used in the NOEF because of the highly dolomitic environment: sodium bentonite is 

susceptible to cation exchange which affects its swelling capacities over time, and is not recommended for 

limestone or dolostone terrains.  

 

Figure 19: material type distribution on the NOEF in 2015 and location of the ground water drill locations.  

5.5.2. Gas sampling bore 

In order to enable ongoing monitoring of the gas composition of the NOEF, a gas sampling bore was 

installed at location 8 (refer to Figure 19). The bore was drilled to a depth of 54 metres, through the PAF and 

into the lift 1 NAF base. A total of 4 stainless steel gas sampling ports were installed using Teflon tubing 

because of its heat resistant properties (≅280°C). Three ports were installed at different levels within the PAF 

cell (10m, 20m and 33m), and one in the NAF base at 53metres.  
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The gas ports were installed in porous silica sand to allow intake of gas from the surrounding rock. Calcium 

bentonite was used to seal the base of the bore, the former CCL location, and the top of the bore to prevent 

venting. The structure of the bore is shown in Figure 23.  

 

 

Figure 20: Schematic diagram of water bore installation with NOEF stratigraphy. The example is from a bore screened in the shallow 

aquifer in the weathered bedrock.  
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Figure 21: Installation of GWNOEF-8S2 groundwater monitoring well. Note the stainless steel bore casing, the two MX6 analysers 

and the double extraction fans.  

 

 

 

Figure 22: Gas sampling ports installed in GWNOEF-8G. The example shows a brass weight, while stainless steel weights were used 

here.  
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Figure 23: Schematic diagram of the gas port installation in GWNOEF-8G shown against the NOEF stratigraphy.   

 

 

5.5.3. Temperature monitoring bore 

In order to test the practicality of installing heat resistant thermocouples into the NOEF PAF cell, a 

temperature monitoring bore was installed at location 8 by converting the already drilled but damaged 

GWNOEF-8S water monitoring bore. The bore was terminated at 54 metres and backfilled with bentonite to 

36 metres. An industrial thermocouple rated to 1000°C was installed at 33 metres, corresponding to the 

location of the highest temperature recorded at location 8.  
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5.6. Results 

5.6.1. Geology  

PAF 

The bores GWNOEF-7 through to 10 were drilled through the PAF cells of the NOEF. Lithologies in the PAF 

cells are largely dominated by dark grey pyritic/dolomitic shales with minor dolomitic breccias. The 

lithologies are consistent with identified PAF lithologies in the pit, namely the Upper Pyritic Shale (UpH), 

Black Bituminous Shale (BbH), and the pyritic/dolomitic shales of the Lower Pyritic Shale unit (LpH). 

The degree of visible weathering/oxidation is variable within the profile, however is generally low, with the 

large majority of core appearing fresh. The degree of weathering and oxidation appears highly correlated 

with temperature peaks: zones of high temperatures appear distinctly more oxidised with a characteristic 

tan to an ochre coloration associated with haematite staining, as well as a much higher proportion of fines in 

the recovered core. Figure 24a and Figure 24b show the comparison between two lengths of cores from 

bores GWNOEF-9S, while Figure 25 shows a section of oxidised PAF immediately after extraction from the 

core barrel.  

 

 

a 

 

b 

Figure 24: recovered core from GWNOEF-9S showing two distinct state of oxidation.  

 

Figure 24a shows the recovered core from 9 to 12 metres with the typical grey fresh rock coloration and 

comparatively large clast size. Figure 24b shows the interval from 36 to 39 metres, corresponding to a high 

temperature interval (≈140°C). The oxidised state of the material is clearly visible, as well as the finer clast 

size. Only two such intervals were encountered in the drilling: GWNOEF-9S (36-39m) and GWNOEF-8S (33 

to 36m). The remainder of the PAF shows much less extensive evidence of oxidation. 
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Figure 25: section of oxidised PAF immediately after extraction from the core barrel. The haematite staining is clearly visible.  
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NAF BASE 

Lithologies in the NAF base are highly variable. The dominant lithologies are the dolomitic shales, weakly 

pyritic shales, and dolomitic breccias of the Lower Pyritic Shale unit (LpH), as well as the dolomitic shales of 

the W-fold shale (WFS) and the Teena dolomite (Pmp). A significant proportion of alluvial clayey silts, sands 

and weathered (oxidised) dolomitic shales mined from the overburden of the open pit were also present. The 

alluvial fraction in many cases made up to 50% of the core, as in GWNOEF-8S.  

The variability in the NAF base composition is shown in Figure 26 by four sections of drill cores. Figure 26a 

(GWNOEF-8S, 51-54m): weathered rock/Alluvials; Figure 26b (GWNOEF-7S, 30-33m), alternation of alluvial 

clayey sands and dolomitic shale rock fill; Figure 26c and Figure 26d (GWNOEF-3S, 9-12m & GWNOEF-8S, 

57-60m): dolomitic shale rock fill.  

 

 

a 

 

b 

 

c 

 

d 

Figure 26: 4 different section of drill core showing the variability of the NAF base composition.   
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FOUNDATION  

The natural foundation below the NOEF is subdivided into three horizons: 

  Alluvials: immediately below the NAF base, consisting of alluvial silt, sand and clays with minor 

localised gravel bands; 

 Weathered bedrock: consisting of weathered dolomite; and 

 Fresh rock consisting of dolomitic shales 

 

 

(a) 

Silts and sandy clays 

 

(B) 

Weathered saprolitic dolomite 

 

(c) 

Fresh dolomitic shales 

 

(d) 

Clays 

Figure 27: 4 different section of drill core showing the variability of the foundation composition.  
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5.6.2. Geochemistry 

Results from 62 geochemical analyses from four NOEF drill cores (GWNOEF-7S, 8S, 9S and 10S) are 

presented in Tables 6 to 16. The data includes static acid base accounting analyses, whole rock elemental 

abundances, and 24hr Shake flask extractions from selected samples.  

WASTE CLASSIFICATION RESULTS 

Although based on a relatively small number of samples, the drilling results are in good agreement with 

material quantities estimated by the NOEF block model. The PAF cell drilling results indicate that only 35% 

of the samples are classified as PAF, a result which is consistent with the 41% estimated from the geological 

block model. 65% of the drill core samples are classed as MS-NAF’s.  

Similarly for the NAF base, 38% of the samples were classed as LS-NAF (HC), a number which is consistent 

with the 36% estimate obtained from the block model. The remainder are classed as MS-NAF’s.  

 

 

Figure 28: NOEF Drilling results versus the NOEF block model reconstruction.  

The drilling results are consistent with the historical reconstruction results based on survey records and 

block model data. The data indicates that actual PAF volumes placed on the NOEF are significantly lower 

than historically reported by MRM, and that only a little more than one third of the material dumped as PAF 

is actually PAF.  

 

SULPHIDE OXIDATION 

The analysis results for total sulphur and Chromium reducible sulphur (CRS) are presented in Tables 6, 9 

and 12 and 15, and are summarised in Table 16.  

 



 

 

 

Table 6: GWNOEF-8S ABA results 

              

 
strat depth temp pH Value ANC as H2SO4 Total S CRS NR S NRS % MPA MPA CRS NAPP NPR pH (OX) NAG (pH 4.5) NAG (pH 7.0) TOC 

                  
GWNOEF-8S-1 PAF 1.5 63 8.0 257 8.22 7.68 0.54 7% 252 235 -5.5 1.02 6.3 <0.1 3.2 1.31 

GWNOEF-8S-2 PAF 4.5 
 

8.2 229 8.02 
   

245 
 

16.4 0.93 5.2 <0.1 5.9 
 

GWNOEF-8S-3 PAF 7.5 
 

8.3 251 5.79 
   

177 
 

-73.8 1.42 8 <0.1 <0.1 
 

GWNOEF-8S-4 PAF 10.5 72 8.0 214 9.56 8.33 1.23 13% 293 255 78.5 0.73 2.7 41.8 64.9 1.93 

GWNOEF-8S-5 PAF 13.5 
 

8.4 294 4.88 
   

149 
 

-145 1.97 8.3 <0.1 <0.1 
 

GWNOEF-8S-6 PAF 16.5 
 

8.2 206 5.32 
   

163 
 

-43.2 1.27 8 <0.1 <0.1 
 

GWNOEF-8S-7 PAF 20.5 85 8.2 208 6.04 5.1 0.94 16% 185 156 -23.2 1.13 7.6 <0.1 <0.1 0.71 

GWNOEF-8S-8 PAF 22.5 
 

7.5 162 4.18 
   

128 
 

-34.1 1.27 8.6 <0.1 <0.1 
 

GWNOEF-8S-9 PAF 25.5 
 

8.2 335 6.31 
   

193 
 

-142 1.73 8.3 <0.1 <0.1 
 

GWNOEF-8S-10 PAF 29.5 92 8.1 230 5.01 3.7 1.31 26% 153 113 -76.7 1.50 8.1 <0.1 <0.1 0.68 

GWNOEF-8S-11 PAF 32.5 
 

7.4 248 7.93 
   

243 
 

-5.3 1.02 7.8 <0.1 <0.1 
 

GWNOEF-8S-12 PAF 34.5 
 

8.3 232 8.63 
   

264 
 

32.1 0.88 6.8 <0.1 1.8 
 

GWNOEF-8S-13 PAF 37.5 80 8.3 235 8.13 7.18 0.95 12% 249 220 13.8 0.94 7.6 <0.1 <0.1 1.75 

GWNOEF-8S-14 PAF 40.5 
 

8.6 373 3.8 
   

116 
 

-257 3.21 8.7 <0.1 <0.1 
 

GWNOEF-8S-15 NAF 43.5 
 

8.2 41.8 0.18 
   

6 
 

-36.3 7.59 8.8 <0.1 <0.1 
 

GWNOEF-8S-16 NAF 46.5 
 

8.5 45 0.07 
   

2 
 

-42.8 21.01 9.2 <0.1 <0.1 
 

GWNOEF-8S-17 NAF 49.5 
 

8.3 106 1.12 
   

34 
 

-71.7 3.09 8.4 <0.1 <0.1 
 

GWNOEF-8S-18 NAF 52.5 
 

8.4 29.1 0.13 
   

4 
 

-25.1 7.32 8.8 <0.1 <0.1 
 

GWNOEF-8S-19 NAF 55.5 86 9.0 371 3.53 3.08 0.45 13% 108 94 -263 3.43 8.3 <0.1 <0.1 
 

GWNOEF-8S-20 NAF 58.5 
 

9.0 531 0.02 
   

1 
 

-530 867.65 9.3 <0.1 <0.1 
 

GWNOEF-8S-21 NAF 61.5 
 

7.8 212 0.96 
   

29 
 

-183 7.22 9.1 <0.1 <0.1 
 

GWNOEF-8S-27 Foundation 73.5 
 

8.9 665 0.05 0.016 0.034 
 

2 
 

-663 434.64 9.2 <0.1 <0.1 
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Table 7: GWNOEF-8S selected metals 

 strat depth Pb Zn Cu Cd As Fe S Ca Mg Mn Ca/Mg NPR  

   ppm ppm ppm ppm ppm % % % % ppm    

GWNOEF-8S-1 PAF 1.5 867 4,270 39 6 218 8.57 8.7 6.23 3.71 938 1.68 1.1 MS-NAF(LC) 

GWNOEF-8S-2 PAF 4.5 607 3,420 37 5 213 8.15 8.19 5.6 3.24 544 1.73 1.1 PAF(HC) 

GWNOEF-8S-3 PAF 7.5 800 3,420 52 7 182 6.64 6.19 6.06 3.59 795 1.69 1.6 MS-NAF(LC) 

GWNOEF-8S-4 PAF 10.5 668 2,890 41 4 255 9.76 9.88 5.47 3.13 664 1.75 0.9 PAF(HC) 

GWNOEF-8S-5 PAF 13.5 454 2,760 32 4 113 5.9 5.4 7.37 4.28 757 1.72 2.2 MS-NAF(HC) 

GWNOEF-8S-6 PAF 16.5 1,460 6,130 65 11 191 6.3 5.62 4.98 3.02 898 1.65 1.4 MS-NAF(LC) 

GWNOEF-8S-7 PAF 20.5 852 4,190 42 6 198 7.35 6.45 5.25 3.22 702 1.63 1.3 MS-NAF(LC) 

GWNOEF-8S-8 PAF 22.5 14,050 30,700 705 82 474 5.23 4.4 5.01 2.1 2430 2.39 1.6 MS-NAF(LC) 

GWNOEF-8S-9 PAF 25.5 1,010 4,280 43 6 212 7.69 7.05 8.27 4.46 943 1.85 1.8 MS-NAF(LC) 

GWNOEF-8S-10 PAF 29.5 2,470 11,800 149 19 229 6.44 5.33 6.47 3.16 2030 2.05 1.8 MS-NAF(LC) 

GWNOEF-8S-11 PAF 32.5 3,630 13,400 190 22 322 7.91 8.2 6.68 3.37 2740 1.98 1.2 MS-NAF(LC) 

GWNOEF-8S-12 PAF 34.5 8,090 18,250 256 44 380 8.71 9.05 5.32 3.14 747 1.69 0.9 PAF(HC) 

GWNOEF-8S-13 PAF 37.5 9,450 31,800 369 58 461 7.29 8.4 5.65 2.95 1610 1.92 1.0 PAF(HC) 

GWNOEF-8S-14 PAF 40.5 2,260 2,960 33 5 121 4.48 3.86 10.45 3.07 576 3.40 3.5 MS-NAF(HC) 

GWNOEF-8S-15 NAF 43.5 38 99 16 <0.5 8 2.69 0.17 1.62 0.8 429 2.03 14.2 LS-NAF(HC) 

GWNOEF-8S-16 NAF 46.5 128 852 18 2 17 2.97 0.06 1.53 0.71 612 2.15 37.3 LS-NAF(HC) 

GWNOEF-8S-17 NAF 49.5 215 973 27 1 41 3.73 1.29 2.61 1.54 603 1.69 3.2 MS-NAF(HC) 

GWNOEF-8S-18 NAF 52.5 71 180 19 <0.5 13 2.85 0.13 0.79 0.63 508 1.25 10.9 LS-NAF(HC) 

GWNOEF-8S-19 NAF 55.5 704 3,870 59 7 147 4.36 3.68 8.12 4.87 1030 1.67 3.5 MS-NAF(HC) 

GWNOEF-8S-20 NAF 58.5 146 333 14 <0.5 13 1.81 0.01 12.95 5.27 456 2.46 1822.0 LS-NAF(HC) 

GWNOEF-8S-21 NAF 61.5 283 2,340 32 4 54 3.93 0.98 5.52 2.56 2150 2.16 8.2 LS-NAF(HC) 

GWNOEF-8S-27 Foundation 73.5 36 246 24 <0.5 9 1.12 0.04 13.4 7.92 682 1.69 533.0  
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Table 8: GWNOEF-8S leachate concentrations 

   S as SO4 Ca Mg Na K P Al Sb As Cd Cr Co Cur Pb Mn Mo Ni Tl Zn Fe 

 strat depth mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

                       

GWNOEF-8S-1 PAF 1.5 446 255 124 27 98   0.032 0.034      0.097 0.121 0.007    

GWNOEF-8S-2 PAF 4.5                     

GWNOEF-8S-3 PAF 7.5                     

GWNOEF-8S-4 PAF 10.5 556 303 195 27 115  0.06 0.029 0.024      0.203 0.096 0.01  0.102  

GWNOEF-8S-5 PAF 13.5                     

GWNOEF-8S-6 PAF 16.5                     

GWNOEF-8S-7 PAF 20.5 533 308 141 26 114   0.017 0.03      0.22 0.167     

GWNOEF-8S-8 PAF 22.5                     

GWNOEF-8S-9 PAF 25.5                     

GWNOEF-8S-10 PAF 29.5 941 755 163 22 154   0.038 0.016      0.531 0.142 0.006 0.006 0.026  

GWNOEF-8S-11 PAF 32.5                     

GWNOEF-8S-12 PAF 34.5                     

GWNOEF-8S-13 PAF 37.5 350 206 98 25 92   0.033 0.012      0.129 0.047     

GWNOEF-8S-14 PAF 40.5                                         

GWNOEF-8S-15 NAF 43.5                                         

GWNOEF-8S-16 NAF 46.5                     

GWNOEF-8S-17 NAF 49.5                     

GWNOEF-8S-18 NAF 52.5                     

GWNOEF-8S-19 NAF 55.5 107 43 43 22 83   0.054 0.096      0.016 0.21   0.028  

GWNOEF-8S-20 NAF 58.5                     

GWNOEF-8S-21 NAF 61.5                                         

GWNOEF-8S-27 Foundation 73.5 16 10 23 19 23    0.01       0.01     
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Table 9: GWNOEF-7S ABA results 

                  

 strat depth temp pH Value ANC as H2SO4 Total S CRS NR S NRS % MPA MPA CRS NAPP NPR pH (OX) NAG (pH 4.5) NAG (pH 7.0) TOC 

                  

GWNOEF-7S-1 NAF cover 1.1   8.6 493 5.19       159   -334 3.10 8.4 <0.1 <0.1   

GWNOEF-7S-2 NAF cover 4.5   8.8 394 0.96       29   -365 13.41 8.8 <0.1 <0.1   

GWNOEF-7S-3 NAF cover 7.5   8.7 275 3.72       114   -161 2.42 8.3 <0.1 <0.1   

GWNOEF-7S-4 PAF cell 13.5 51 8.1 231 6.09 5.31 0.78 13% 186   -44.6 1.24 8.1 <0.1 <0.1 1.29 

GWNOEF-7S-5 PAF cell 16.5   8.1 222 7.46       228   6.3 0.97 6.3 <0.1 4.8   

GWNOEF-7S-6 PAF cell 20.5 74 8.2 275 6.27 5.21 1.06 17% 192   -83.1 1.43 8.1 <0.1 <0.1 1.26 

GWNOEF-7S-7 PAF cell 23.5   8.3 270 5.03       154   -116 1.75 8.2 <0.1 <0.1   

GWNOEF-7S-8 PAF cell 24.5   8.7 556 5.45       167   -389 3.33 8.3 <0.1 <0.1   

GWNOEF-7S-9 NAF base 27.5   9 536 2.43       74   -462 7.21 8.5 <0.1 <0.1   

GWNOEF-7S-10 NAF base 30.5   8.7 279 1.74       53   -226 5.24 8.1 <0.1 <0.1   

GWNOEF-7S-11 NAF base 33.5   8.3 194 5.7       174   -19.6 1.11 7 <0.1 <0.1   

GWNOEF-7S-12 Foundation 36.5   8.7 61.2 0.04 0.005 0.035   1   -60 50.00 9.2 <0.1 <0.1   

GWNOEF-7S-13 Foundation 40.5   8.6 10.9 0.05       2   -9.4 7.12 8.6 <0.1 <0.1   

GWNOEF-7S-14 Foundation 42   9 215 0.03       1   -214 234.20 9.2 <0.1 <0.1   

GWNOEF-7S-15 Foundation 45.5   9.2 738 0.02       1   -737 1205.88 10 <0.1 <0.1   

GWNOEF-7S-16 Foundation 47.5   9.2 600 0.04       1   -599 490.20 10.7 <0.1 <0.1   
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Table 10: GWNOEF-7S selected metals 

 strat depth Pb Zn Cu Cd As Fe S Ca Mg Mn Ca/Mg NPR  

   ppm ppm ppm ppm ppm % % % % ppm    

GWNOEF-7S-1 NAF cover 1.1 328 1440 45 1.9 293 6.02 5.48 9.53 5.92 2580 1.61 2.8 MS-NAF(HC) 

GWNOEF-7S-2 NAF cover 4.5 153 480 27 0.7 41 2.52 0.96 9.09 5.57 1070 1.63 15.3 LS-NAF(HC) 

GWNOEF-7S-3 NAF cover 7.5 618 2410 50 3.3 165 4.84 3.85 6.35 4.11 1010 1.55 2.7 MS-NAF(HC) 

GWNOEF-7S-4 PAF cell 13.5 1840 7460 107 13.4 231 7.03 6.58 5.73 3.23 915 1.77 1.4 MS-NAF(LC) 

GWNOEF-7S-5 PAF cell 16.5 2110 6870 94 12.1 249 8.17 7.79 5.26 3.06 744 1.72 1.1 PAF(HC)   

GWNOEF-7S-6 PAF cell 20.5 1040 4370 58 6.7 218 7.76 7.08 6.9 3.83 792 1.80 1.5 MS-NAF(LC) 

GWNOEF-7S-7 PAF cell 23.5 1210 4800 57 8.2 257 5.73 5.25 6.39 4.1 1140 1.56 2.0 MS-NAF(LC) 

GWNOEF-7S-8 PAF cell 24.5 911 7350 29 5.6 323 5.83 5.92 11 6.97 3320 1.58 3.0 MS-NAF(HC) 

GWNOEF-7S-9 NAF base 27.5 443 2310 50 3.9 104 3.96 2.65 11 6.73 1720 1.63 6.7 MS-NAF(HC) 

GWNOEF-7S-10 NAF base 30.5 609 3370 60 11 135 5.16 2.01 6.83 3.96 1120 1.72 5.4 MS-NAF(HC) 

GWNOEF-7S-11 NAF base 33.5 730 4080 50 9.1 222 7.4 6.06 4.42 2.92 795 1.51 1.2 MS-NAF(LC) 

GWNOEF-7S-12 Foundation 36.5 29 51 21 <0.5 8 3.51 0.03 2.13 0.68 717 3.13 93.7 LS-NAF(HC) 

GWNOEF-7S-13 Foundation 40.5 127 517 18 <0.5 21 3.96 0.05 0.22 1.48 2010 0.15 34.0 LS-NAF(HC) 

GWNOEF-7S-14 Foundation 42 99 631 9 1.6 7 1.33 0.01 19.3 6.5 1540 2.97 2580.0 LS-NAF(HC) 

GWNOEF-7S-15 Foundation 45.5 55 472 6 0.8 <5 1.04 0.01 18.9 6.42 652 2.94 2532.0 LS-NAF(HC) 

GWNOEF-7S-16 Foundation 47.5 95 486 8 0.8 5 1.13 0.03 13.2 5.64 644 2.34 628.0  
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Table 11: GWNOEF-7S leachate results 

   S as SO4 Ca Mg Na K P Al Sb As Cd Cr Co Cu Pb Mn Mo Ni Tl Zn Fe 

 strat depth mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

                       

GWNOEF-7S-1 NAF cover 1.1                                         

GWNOEF-7S-2 NAF cover 4.5                                         

GWNOEF-7S-3 NAF cover 7.5                                         

GWNOEF-7S-4 PAF cell 13.5 753 552 176 41 134     0.022 0.015       0.006   0.332 0.099     0.034   

GWNOEF-7S-5 PAF cell 16.5                                         

GWNOEF-7S-6 PAF cell 20.5 796 556 189 27 122     0.016 0.015           0.321 0.165 0.005   0.035   

GWNOEF-7S-7 PAF cell 23.5                                         

GWNOEF-7S-8 PAF cell 24.5                                         

GWNOEF-7S-9 NAF base 27.5                                         

GWNOEF-7S-10 NAF base 30.5                                         

GWNOEF-7S-11 NAF base 33.5                                         

GWNOEF-7S-12 Foundation 36.5 49 13 12 99 10   0.15                 0.019 0.005   0.03 0.16 

GWNOEF-7S-13 Foundation 40.5                                         

GWNOEF-7S-14 Foundation 42                                         

GWNOEF-7S-15 Foundation 45.5                                         

GWNOEF-7S-16 Foundation 47.5                                         
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Table 12: GWNOEF-9S ABA results 

                  

 strat depth temp pH Value ANC as H2SO4 Total S CRS NR S NRS % MPA MPA CRS NAPP NPR pH (OX) NAG (pH 4.5) NAG (pH 7.0) TOC 

                  

GWNOEF-9S-1 PAF cell 1.5  8.4 288 4.33    132  -156 2.17 8.4 <0.1 <0.1  

GWNOEF-9S-2 PAF cell 4  8.1 197 6.61    202  5.3 0.97 5.9 <0.1 2.9  

GWNOEF-9S-3 PAF cell 7.5  7.9 240 6.81    208  -31.6 1.15 7.4 <0.1 <0.1  

GWNOEF-9S-4 PAF cell 10.5 75 8.4 313 3.59 3.09 0.5 14% 110  -203 2.85 8.4 <0.1 <0.1 0.53 

GWNOEF-9S-5 PAF cell 13.5  8.3 275 4.3    132  -143 2.09 8.3 <0.1 <0.1  

GWNOEF-9S-6 PAF cell 16.5  8.1 240 6.96    213  -27 1.13 8.1 <0.1 <0.1  

GWNOEF-9S-7 PAF cell 19.5 79 7.8 226 10.4 8.86 1.54 15% 318  92.2 0.71 2.5 65.8 91.5 1.7 

GWNOEF-9S-8 PAF cell 22.5  8.1 208 4.98    152  -55.6 1.36 8.1 <0.1 <0.1  

GWNOEF-9S-9 PAF cell 25.5  8.1 242 10.2    312  70.1 0.78 2.8 38.5 59.6  

GWNOEF-9S-10 PAF cell 28.5  8.1 212 7.84    240  27.9 0.88 3.3 15.4 33.9  

GWNOEF-9S-11 PAF cell 31.5 140 8.1 238 7.97 6.83 1.14 14% 244  5.9 0.98 3.9 2.4 13.1 1.83 

GWNOEF-9S-12 PAF cell 24.5  8.1 233 7.62    233  0 1.00 4.4 0.2 9  

GWNOEF-9S-13 PAF cell 36.6 162 6.4 257 8.58 6.58 2.0 23% 263  5.5 0.98 7.4 <0.1 <0.1 0.33 

GWNOEF-9S-14 PAF cell 38.5  7.9 181 6.99    214  32.9 0.85 3 13.2 22.4  
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Table 13: GWNOEF-9S selected metals 

 strat depth Pb Zn Cu Cd As Fe S Ca Mg Mn Ca/Mg NPR  

   ppm ppm ppm ppm ppm % % % % ppm    

GWNOEF-9S-1 PAF cell 1.5 1250 3940 40 6.1 161 5.58 4.39 7.24 3.65 856 1.98 2.5 MS-NAF(HC) 

GWNOEF-9S-2 PAF cell 4 1050 4120 44 6.6 226 7.63 7.23 5.29 3.14 618 1.68 1.2 PAF(HC) 

GWNOEF-9S-3 PAF cell 7.5 794 4350 35 5.7 188 7.62 7.47 5.87 3.11 562 1.89 1.2 MS-NAF(LC) 

GWNOEF-9S-4 PAF cell 10.5 1210 3830 40 5.6 135 5.1 3.95 7.44 4.57 830 1.63 3.0 MS-NAF(HC) 

GWNOEF-9S-5 PAF cell 13.5 699 3470 39 4.9 129 5.63 4.7 7.05 3.5 654 2.01 2.2 MS-NAF(HC) 

GWNOEF-9S-6 PAF cell 16.5 2430 8810 127 17.9 324 8.12 7.92 6.5 3.71 999 1.75 1.3 MS-NAF(LC) 

GWNOEF-9S-7 PAF cell 19.5 1330 6380 42 8.9 312 10.9 12.05 5.61 3.21 599 1.75 0.7 PAF(RE) 

GWNOEF-9S-8 PAF cell 22.5 464 2620 32 3.8 159 6.14 5.09 5.16 2.89 557 1.79 1.6 MS-NAF(HC) 

GWNOEF-9S-9 PAF cell 25.5 865 5620 53 7.1 364 10.45 10.55 5.83 3.43 661 1.70 0.9 PAF(HC) 

GWNOEF-9S-10 PAF cell 28.5 855 4110 41 5.8 243 9.05 8.84 5.42 3.26 536 1.66 1.0 PAF(HC) 

GWNOEF-9S-11 PAF cell 31.5 1060 4740 47 6.9 243 8.87 8.8 5.88 3.34 628 1.76 1.0 PAF(HC) 

GWNOEF-9S-12 PAF cell 24.5 947 4360 43 6.4 244 8.87 8.74 5.91 3.32 611 1.78 1.1 PAF(HC) 

GWNOEF-9S-13 PAF cell 36.6 9720 37900 424 63.1 577 8.83 9.22 6.88 3.84 3060 1.79 1.2 PAF(HC) 

GWNOEF-9S-14 PAF cell 38.5 1240 5150 56 9.2 268 8.6 7.35 4.57 2.79 678 1.64 1.0 PAF(HC) 
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Table 14: GWNOEF-9S leachate results 

   S as SO4 Ca Mg Na K P Al Sb As Cd Cr Co Cu Pb Mn Mo Ni Tl Zn Fe 

 strat depth mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

                       

GWNOEF-9S-1 PAF cell 1.5                     

GWNOEF-9S-2 PAF cell 4                     

GWNOEF-9S-3 PAF cell 7.5                     

GWNOEF-9S-4 PAF cell 10.5 289 142 89 26 107  0.18 0.037 0.042      0.038 0.278    0.22 

GWNOEF-9S-5 PAF cell 13.5                     

GWNOEF-9S-6 PAF cell 16.5                     

GWNOEF-9S-7 PAF cell 19.5 946 490 291 29 100   0.009 0.014   0.006   0.721 0.054 0.02  0.124  

GWNOEF-9S-8 PAF cell 22.5                     

GWNOEF-9S-9 PAF cell 25.5                     

GWNOEF-9S-10 PAF cell 28.5                     

GWNOEF-9S-11 PAF cell 31.5 987 637 240 41 131   0.036 0.026      0.359 0.162 0.006  0.032  

GWNOEF-9S-12 PAF cell 24.5                     

GWNOEF-9S-13 PAF cell 36.6 1970 436 1030 49 118    0.022 0.0102  0.731  0.248 60.8  0.541 0.075 181 2.37 

GWNOEF-9S-14 PAF cell 38.5                     
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Table 15: GWNOEF-10S ABA results 

                  

 strat depth temp pH Value ANC as H2SO4 Total S CRS NR S NRS % MPA MPA CRS NAPP NPR pH (OX) NAG (pH 4.5) NAG (pH 7.0) TOC 

                  

GWNOEF-10S-1 PAF cell 1.5  7.9 160 4.29    131  -28.7 1.22 7.8 <0.1 <0.1  

GWNOEF-10S-2 PAF cell 4.5  8.2 184 2.7    83  -101 2.23 8.2 <0.1 <0.1  

GWNOEF-10S-3 PAF cell 7.5  8.2 204 10.2    312  108 0.65 2.8 36.4 75  

GWNOEF-10S-4 PAF cell 10.5  8.2 254 7.36    225  -28.8 1.13 7.4 <0.1 <0.1  

GWNOEF-10S-5 PAF cell 13.5  8.3 238 5.98    183  -55 1.30 8 <0.1 <0.1  

GWNOEF-10S-6 PAF cell 16.5  8.1 226 5.63    172  -53.7 1.31 7.9 <0.1 <0.1  

GWNOEF-10S-7 PAF cell 19.5  7.8 167 8.22    252  84.5 0.66 2.7 44.4 65.3  

GWNOEF-10S-8 PAF cell 22.5  7.2 233 6.37    195  -38.1 1.20 8.2 <0.1 <0.1  

GWNOEF-10S-9 PAF cell 25.5  7.1 280 6.89    211  -69.2 1.33 8 <0.1 <0.1  

GWNOEF-10S-10 PAF cell 28.5  8 211 5.21    159  -51.6 1.32 7.9 <0.1 <0.1  
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Table 16: GWNOEF-10S selected metals 

 strat depth Pb Zn Cu Cd As Fe S Ca Mg Mn Ca/Mg NPR  

   ppm ppm ppm ppm ppm % % % % ppm    

GWNOEF-10S-1 PAF cell 1.5 612 3710 38 5.9 167 5.87 4.49 3.75 2.71 431 1.383764 1.4 MS-NAF(LC) 

GWNOEF-10S-2 PAF cell 4.5 575 3040 37 5.1 125 4.45 2.76 4.02 2.94 537 1.367347 2.5 MS-NAF(HC) 

GWNOEF-10S-3 PAF cell 7.5 8450 28300 195 62.2 540 9.21 10.2 5.05 2.78 707 1.816547 0.8 PAF(RE) 

GWNOEF-10S-4 PAF cell 10.5 1690 5500 60 9.5 280 8.37 7.91 6.45 3.43 787 1.880466 1.2 MS-NAF(LC) 

GWNOEF-10S-5 PAF cell 13.5 397 3100 31 4 205 6.94 6.31 6.14 3.03 548 2.026403 1.5 MS-NAF(LC) 

GWNOEF-10S-6 PAF cell 16.5 517 2250 35 3.2 193 7.02 6.38 5.58 3.12 521 1.788462 1.4 MS-NAF(LC) 

GWNOEF-10S-7 PAF cell 19.5 961 4000 40 5.8 256 9.51 9.36 5.17 2.9 545 1.782759 0.9 PAF(HC) 

GWNOEF-10S-8 PAF cell 22.5 589 2450 37 3.5 224 7.98 7.45 7.08 3.66 688 1.934426 1.4 MS-NAF(LC) 

GWNOEF-10S-9 PAF cell 25.5 755 3450 39 5.1 233 8.08 7.82 6.97 3.94 682 1.769036 1.4 MS-NAF(LC) 

GWNOEF-10S-10 PAF cell 28.5 433 2370 31 3.4 157 5.79 5.17 4.73 2.74 483 1.726277 1.4 MS-NAF(LC) 

 

 

 



 

 

Chromium Reducible Sulphur was used as a method to quantify the sulphur fraction that corresponds to the 

readily oxidisable sulphides, in this case primarily pyrite. It is important to understand that while the CRS 

method can give a reliable measurement of the sulphide fraction, it does not discriminate between all the 

other forms of sulphur that may be present such as sulphates, elemental sulphur, organically bound sulphur, 

etc.  This is demonstrated by sulphur speciation data from the MRM fresh rock (Figure 29).  

 

 

Figure 29: NOEF Drilling results versus fresh rock sulphur data.  

In Figure 29, the CRS data versus total sulphur for the NOEF samples is plotted with the fresh rock data 

from the MRM waste lithologies drill cores. The NOEF data is identical to the fresh rock data indicating that 

on average, most of the oxidised sulphur in the NOEF samples is consistent with what is expected from the 

fresh rock, and is unlikely to have been generated in situ in the NOEF.  

The fresh rock data also clearly shows that the sulphate fraction is only a minor component of the “oxidised” 

sulphur as determined by the CRS method.  

Figure 30 and Figure 31 show the percentage of sulphide sulphur in the NOEF drill core samples versus 

what is expected for the MRM fresh rock data for the cores 8S and 9S.  

 

Figure 30: %CRS with depth in core GWNOEF-8S.  
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Figure 31: %CRS with depth in core GWNOEF-9S. 

The data shows that the amount of “sulphide sulphur” as determined by the CRS method is within error of 

what can be expected from fresh rock data. However, the fact that the NOEF samples have a slightly higher 

sulphide percentage compared to the fresh rock data suggest that some sulphur may have been lost from the 

NOEF samples, which is consistent with the NOEF having been an open system, i.e. some sulphur has been 

lost to the environment, most likely in the form of gases (SO2 and H2S) or soluble sulphate form (SO4).  

The only two data points that do not show this trend are the GWNOEF–8S 29.5m sample and the GWNOEF-

9S 36.6m sample. It is likely that higher rates of in-situ oxidation at these levels resulted in the comparatively 

higher generation of secondary sulphates.  

The results indicate that on average, oxidation in the PAF cell appears relatively limited, a result consistent 

with the relatively young age of the NOEF PAF cell (6 years). However, localised much higher rates of 

oxidation are likely to be present in the PAF cell, as indicated by at least 2 samples in the drill cores.  

 

LEACHATE EXTRACTIONS  

Leachate extraction results are presented in Tables 8, 11 and 14. The results are consistent with what could be 

expected from MRM metalliferous saline NAF and PAF rocks.  

The leachates are characterised by elevated sulphate, calcium, magnesium, zinc, arsenic and antimony 

concentrations. Core GWNOEF-9S in particular shows the highest sulphate concentrations with a maximum 

value of 1970 mg/l for the 36.6m sample. This is consistent with the higher oxidised sulphur measurement 

and the elevated temperature (160C) of this interval, indicative of very high sulphide oxidation rates.  

 

5.6.3. Gas monitoring 

An example of gas measurements from the NOEF bores is presented in Figure 32. The results presented are 

for GWNOEF-10S. They are characteristic of the results obtained from all bores drilled through the PAF cell.  

The results can be summarised as follow: 

The gas composition within the NOEF is dominated by carbon dioxide (> 5%, the maximum limit of the 

instrument) and hydrogen sulphide (ca 150ppm), with variable amounts of carbon monoxide. Oxygen 

appears highly depleted (down to 0.8% O2).  
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Figure 32:MX6 multi gas analyser readings for GWNOEF-10S. The timing of the SO2 peaks is distinct from all the other gases showing that the primary source of SO2 was not the 

bore. 
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Almost no sulphur dioxide was measured from the bores, a feature consistent will all bores measured in 

2015 and 2016: the two minor peaks in Figure 32 do not correspond to downhole measurements, but 

correspond to ambient sulphur dioxide present on top of the PAF cell during drilling.  

The very low oxygen content and the presence of both hydrogen sulphide and carbon monoxide indicate 

that predominantly anoxic conditions prevail within the NOEF. While advection of air into the stockpile is 

undoubtedly taking place, most likely driven by convection (i.e. the temperature difference between the 

NOEF and the atmosphere results in air being drawn into the stockpile), oxygen appears to be rapidly 

consumed within the first few metres of the stockpile by the sulphides, resulting in anoxic conditions at 

depth. This most likely limits the oxidation rate of the PAF and the MS-NAFs deep within the pile and is a 

positive result.  

 

5.6.4. Temperature monitoring 

In addition to the 4 bores drilled through the PAF cells in 2015, 12 temperature investigation bores were 

drilled in 2016 to further document temperature distributions within the NOEF. Of these, 10 were 

instrumented with high temperature thermocouples for ongoing monitoring. The results of temperature 

measurements from NOEF2016_8A are presented in Figure 33.  

 

Figure 33: NOEF2016_8A temperature results.  

Several temperatures were recorded during the drilling of all bores (Figure 33), including the drill core 

barrel, the minimum, maximum and average temperature of the extracted core itself, as well as a downhole 
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temperature measured by lowering a thermocouple. The yellow squares on Figure 33 shows the depth and 

temperatures of the permanently installed thermocouples in the bore.  

The average temperature profile is calculated by excluding the maximum core temperature and the barrel 

temperature. As can be seen from Figure 33, the highest temperatures during drilling are influenced by the 

drilling process, with tighter drilling conditions resulting in higher recorded temperatures. While indicative 

of elevated temperatures in situ temperatures, the average calculated temperature profile is less reliable than 

the installed thermocouple readings.  

The average temperature profiles obtained during drilling for the 12 bores are presented in Figure 34.  

 

Figure 34: NOEF2016 temperature results 

 

Of the 12 bores, six (in blue on Figure 34) show a normal background temperature of 60 to 65C for the full 

profile while six (in red) show elevated temperatures above 100C, indicative of higher oxidation rates of 

sulphides. The maximum recorded temperature by thermocouple is 182C, at 29m in bore NOEF2016_12A 

(see Figure 37).  
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With the exception of NOEF2016_12A, most of the high temperatures occur below the first 15m of rock, in 

the middle and lower lifts. This is consistent with the tendency for waste rock dumps to intake air from the 

base, potentially fuelling oxidation in the lower lifts rather than the upper ones, and is also consistent with 

the age of the material, the two older lifts having had more exposure to both moisture and oxygen, and 

hence potentially higher oxidation rates.  

The spatial distributions of the temperature bores is presented in Figure 35.  

 

Figure 35: NOEF monitoring bores. Groundwater (green), gas and temperature (red for hot, blue for cool).  

The area marked in red represents the estimated zone of elevated temperatures based on the NOEF drilling 

program and past records of elevated temperatures based on field observations. The temporary low grade 

ore stockpile contributes significantly to the areas of elevated temperatures. It is expected that once the 

material is rehandled for processing and a low oxygen barrier is in place, temperatures will decrease to 

background level over time.  

Individual average temperature profiles for 8 of the NOEF temperature bores together with the installed 

thermocouple readings are presented in Figures 36 and 37.  
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Figure 36: NOEF temperature profiles for 4 cool bores.  
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Figure 37: NOEF temperature profiles for 4 hot bores.  
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Figure 37 shows that the average temperature profiles obtained during drilling tend to overestimate in situ 

temperatures as measured by thermocouples. Thermocouple measurements taken between April 2016 and 

October 2016 show that internal temperatures have remained constant over this time period.  

 

5.6.5. Groundwater monitoring 

 

The spatial distributions of the groundwater monitoring bores is presented in Figure 38.  

 

Figure 38: NOEF Groundwater monitoring bores (green).  

In the bore naming convention used, The NSL suffix refers to Natural Surface Level, which is the former 

original topography below the NOEF. This is a likely zone where waters moving through the NOEF base are 

likely to accumulate and hence was preferentially targeted. At the time of drilling, no water was intersected 

on the natural surface, however this could reflect the timing of the bore installation late during the dry 

season. 

S refers to Shallow aquifer, defined as the first aquifer intersected during drilling. It is typically 10 to 15 

metres below the surface, and occurs in the weathered bedrock layer below the in situ clays and fine grained 

alluvials. The only exception is GWNOEF-5S, which targets a 1metre thick conductive gravel band a few 

metres below the natural surface.  

D refers to Deep aquifer, defined as the second aquifer intersected during drilling. It is typically 30m below 

the surface, and occurs in the fresh bedrock layer. On the NOEF, GWNOEF-5D actually intersects the 

weathered bedrock, and is therefore equivalent to the other S labelled bores. 

CCL refers to the Compacted Clay Liner, located on the top of the NAF base, below the PAF cell. Only one 

bore was installed at this level (GWNOEF-7CCL) as the risk of ventilating the PAF base through several 
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water monitoring bores outweighed the potential information gain. The GWNOEF-7CCL bore is located on 

the southern margin of the NOEF, so any water that could potentially accumulate on the CCL and migrate 

downslope would be intersected by the bore. No water was found at any level within the NOEF during 

drilling.  

Sampling of the groundwater monitoring bores for water quality is currently undertaken monthly. The 

NOEF bores complement the existing bore network around the periphery of the NOEF, and fill a critical 

knowledge gap in understanding the site wide hydrology. All monitoring results from groundwater bores 

are reported separately on a quarterly basis to the Mine’s Department and within each years Monitoring 

Report. 

 

5.6.6. Geophysical sampling  

In order to gain information as to the moisture content of the NOEF, samples from the 2015 cores 

GWNOEF-5D, 7S, 8S and 9S were tested for electro conductivity (Ec), pH, total suction, moisture content and 

specific gravity. The cores were sampled every metre, and the analyses were conducted at the University of 

Queensland.  

The results for the four cores are presented in Figures 39 to 42.  

The NOEF has a relatively low gravimetric moisture content, with most values less than 15%. The PAF 

material (0 to 40 metres in 8S and 9S) has a distinctly lower moisture content than the NAF base (5D), a fact 

which is consistent with the higher temperatures encountered.  

Electrical conductivity is unsurprisingly higher in the PAF cell than in the NAF base (8S and 7S in Figure 41), 

and can be directly attributable to higher sulphates present owing to the oxidation of the sulphides, 

primarily pyrite. The peak in EC observed at 39 metres in core 9S corresponds to an area of high temperature 

and visible oxidation in the core (haematite, see Figure 26). This zone also corresponds to the only zone of 

low pH encountered (Figure 42). The low pH, high EC, high temperature and haematite staining indicate 

localised much higher rates of pyrite oxidation than elsewhere in the NOEF.  

With the exception of the above mentioned zone of core 9S, the pH values are all circum neutral to slightly 

alkaline, with a trend towards increasing alkalinity in the NAF base and the in situ foundation.  

 

 

 



 

 

 

Figure 39: gravimetric moisture content.  

 

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30
D

E
P

T
H

, 
D

 (
m

) 

GRAVIMETRIC MOISTURE CONTENT, w (%) 

GWNOEF 5D

GWNOEF 7S

GWNOEF 8S

GWNOEF 9S



Version Number 2, November 2016  |  60 
 

 

 

Figure 40: specific gravity  
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Figure 41: electrical conductivity.  
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Figure 42: pH.  
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Figure 43: Total suction.  
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6.Conclusions 

Several lines of investigation were used to reconstruct the current NOEF, including survey records, material 

movement records, geological block model estimations, and two drilling campaigns. The work undertaken 

by MRM has resulted in a significant improvement in the understanding of the structure, composition and 

physico-chemical processes within the NOEF: 

 Reconstruction based on historical records and drilling results indicate that the quantity of PAF on the 

NOEF is a lot smaller than historically reported by MRM. PAF material constitutes only 19% of the 

volume dumped in the facility, while the PAF cell volume accounts for 42% of the NOEF. The bulk 

of the PAF cell is composed of metalliferous saline NAF mined as PAF, resulting in an 

overestimation of actual PAF quantities in the NOEF.  

 

 A significant proportion of alluvials are present in the NAF base, significantly increasing the 

proportion of benign NAF in the base. Benign NAF accounts for 36% of the volume, the remainder 

being composed of MS-NAFs and only 4% PAF (from skinny beds unable to be segregated out with 

regular mining equipment). The NAF base will still require some form of flood proofing measure to 

limit the ingress of water and oxygen into the base, but the presence of one third LS-NAF reduces 

the risk profile of the base as far as seepage water qualities are concerned.  

 

 The lift 1 CCL in between the PAF cell and the NAF base appears generally thicker than the 0.6m 

specification, being between 0.8 to 1m in thickness in drill cores. The CCL does not appear to be 

saturated, and no water was intersected sitting above the CCL.  

 

 Temperature measurements from within the NOEF indicate that while elevated temperatures are 

present within the NOEF PAF cell, the maximum recorded temperature is less than 200C, and 

elevated temperatures are not generalised. Half the drilled temperature monitoring cores were at a 

background temperature of ca 65C. Elevated temperatures appear primarily located along the 

northern face of the NOEF and in particular in the low grade ore stockpile area. The low grade ore 

stockpile is temporary in nature, and the majority of material is expected to be removed and 

processed by 2017. 

 

 Gas measurements indicate that the gas composition within the NOEF is characterised by very low 

oxygen levels (<1%), carbon dioxide, hydrogen sulphide and carbon monoxide. The gas composition 

supports anoxic conditions within the NOEF, indicating that while advective air transport 

undoubtedly occurs, oxygen is rapidly consumed by oxidising sulphides owing to the high pyrite 

content of some of the material. The low oxygen levels are likely to exert a significant level of control 

over the oxidation rate, hence limiting temperatures and preventing run-away self-heating and 

combustion of the PAF. Further restricting oxygen ingress by placement of an advective barrier 

around the current NOEF is likely to be very effective in further controlling oxidation and gradually 

reducing internal temperatures in the NOEF.  

 

 No water was intersected at any level within the NOEF, and the material is characterised by a 

relatively low moisture content. This can largely be attributed to the high internal temperature (65C 

and above) promoting rapid evaporation. 

 

 Electroconductivity, pH, leachate, temperatures and geology results indicate that while the bulk of the 

PAF appears relatively unweathered, localised zones within the PAF cell exhibit much higher levels 
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of oxidation than the average. Again, placement of an advective barrier around the current NOEF is 

likely to be very effective in further controlling oxidation.  

 

 Groundwater monitoring bores will enable the ongoing monitoring of water qualities at the base and 

below the NOEF, resulting in a significantly improved understanding of the NOEF hydrology and 

potential impact of seepage waters on both surface and shallow groundwater.  

 

 Ongoing monitoring of temperatures and gas composition will allow MRM to determine the 

effectiveness of implemented controls on aspects of convection and air movement within the NOEF. 
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Mine  Closure  is  an  integral  part  of  all  mining  
operations  and  having  a  plan  serves  as  a  road  
map  to  direct,  refine  and  implement  closure  at  
the  end  of  the  mine’s  economic  life.    This  
ensures  that  the  integrity  of  the  environment  is  
sustained  after  mining  operations  have  ceased.    

The  closure  objective  for  the  McArthur  River  Mine,  in  
line  with  past  views  expressed  during  stakeholder  
consultations,  is  to  return  as  much  of  the  project  area  
as  practical  to  pre-‐‑mining  land  uses  including:  

• Low  intensity  cattle  grazing;  and    

• Traditional  cultural  uses    

This  will  be  achieved  by  rehabilitating  the  disturbed  
areas  to  environmentally  sustainable  conditions  
consistent  with  the  above  stated  land  uses.  Sensitive  
ecosystems,  such  as  those  associated  with  site  
waterways  and  adjacent  riparian  areas  are  to  be  
reinstated  or  maintained  in  as  close  to  original  or  
undisturbed  condition  as  possible.  Areas  where  full  
rehabilitation  consistent  with  the  above  land  uses  will  
not  be  practical  will  be  managed  appropriately  as  
exclusion  zones.  

The  McArthur  River  Station  is  8,000  km2  in  area  and  
the  total  mining  lease  area  is  122.04  km2.  The  area  
disturbed  by  current  operations  is  approximately  5.05  
km2  (505  ha).  The  total  proposed  disturbance  over  the  
life  of  the  mine  is  5.21  km2  (521  ha),  constituting  less  
than  5%  of  the  total  mining  lease  area.  This  represents  
less  than  0.1%  of  the  McArthur  River  Station  area,  so  
the  return  of  the  mining  impacted  area  to  grazing  will  

be  insignificant  in  terms  of  the  contribution  to  local  
grazing  industry.  

The  initial  post-‐‑mining  objective  will  be  to  stabilise  
disturbed  areas  and  make  all  areas  safe.  Once  this  has  
occurred,  the  focus  will  be  on  the  promotion  of  
ecological  values  and  the  enhancement  of  local  
economically  sustainable  industries  such  as  grazing.  
The  development  of  post-‐‑mining  land  use  strategies  
will  continue  over  the  life  of  the  mine  in  consultation  
with  the  government  and  relevant  stakeholders.  

The  environmental  values  that  have  been  considered  
in  relation  to  closure  of  MRM  include:  

• The  health  and  well-‐‑being  of  people;  

• The  diversity  of  ecological  processes  and  
associated  ecosystems;  

• Maintaining  soil  resources  and  agricultural  
land  capability;  

• Maintaining  water  quality  and  flows  in  
waterways;  and  

• The  creation  of  safe,  stable,  non-‐‑polluting  and  
sustainable  landforms.  

Specific  objectives  for  closure  are  outlined  below:  

Landforms  
• Construction  of  landforms  that  are  

compatible  with  local  surrounding  landscape.    

• Construction  of  stable  landforms  that  
minimise  erosion  and  ensures  long  term  
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performance  

• Landform  will  host  suitable  native  vegetation  
that  will  maintain  ecological  functions  and  
values  

• The  post  mining  landscape  will  be  left  in  a  
condition  safe  for  humans  and  animals  

Revegetation  
• Vegetation  in  rehabilitated  areas  will  be  

resilient  and  have  similar  environmental  
values  as  surrounding  natural  ecosystems.    

Water  
• Maintain  the  quality  and  quantity  of  surface  

water  such  that  existing  environmental  values  
and  ecosystems  are  maintained.  

• Maintain  the  quality  and  quantity  of  ground  
water  such  that  existing  environmental  values  
and  ecosystems  are  maintained.  

• Continuing  active  intervention  should  not  be  
required  for  site  water  management.    

• All  potential  Acid  and  Metalliferous  Drainage  
generating  materials  are  appropriately  
contained  in  a  suitably  designed  facility  to  
minimise  contamination  of  surface  and  
groundwater    

• The  water  quality  in  the  post  mining  final  
void  will  be  impacted  to  the  minimal  amount  
practicable  

Fauna  
• Rehabilitated  areas  will  provide  appropriate  

habitat  for  fauna  and  have  comparable  
environmental  values  as  surrounding  natural  
ecosystems.    

• Fauna  utilisation,  abundance  and  diversity  
are  appropriate  given  the  specified  post-‐‑
mining  land  use.    

• Metal  levels  in  fauna  comparable  to  regional  
background  levels.    

Infrastructure  and  non-‐‑mining  waste  
• No  infrastructure  left  on  site  unless  agreed  to  

by  stakeholders.  

• Transfer  ownership  of  beneficial  
infrastructure  for  stakeholder  gain.    

• Minimise  land  contamination  and  practically  
remediate  any  contaminated  soils.    

• Ensure  that  wastes  are  securely  contained  in  a  
manner  that  prevents  adverse  environmental  
impacts    

Legacy  areas  
• Where  necessary  (for  example  erosion  control  

on  landforms),  access  to  legacy  areas  will  be  
restricted.    

Cultural  Heritage  and  Community  
• The  condition  of  heritage  and  archaeological  

sites  will  meet  the  requirements  of  relevant  
authorities.  

• Access  to  current  sites  of  significance  within  
the  mine  area  will  be  retained  for  the  
appropriate  local  Traditional  Owners  to  meet  
traditional  obligations.    

• The  integrity  and  accessibility  of  the  adjacent  
and  downstream  land  and  waterways  will  be  
retained  to  enable  ongoing  gathering  and  
hunting  for  Traditional  Owners.    

• Minimise  the  impact  of  closure  on  the  local  
community.    

In  order  to  successfully  rehabilitate  and  complete  
closure  objectives  MRM  align  specific  criteria  against  
these  objectives  and  then  track  these  using  specific  
tools.  These  tools  may  be  in  the  form  of  monitoring  
data,  assessment  reports,  inspections  or  surveys.  

Closure  planning  at  MRM  is  not  a  static  process  and  
as  activities  and  associated  risks  on  site  change  so  to  
does  the  requirements  for  closure.  Every  year  MRM  
updates  rehabilitation  and  closure  activities  within  
the  site  Mining  Management  Plan  however  the  most  
recent  standalone  Closure  Plan  was  submitted  in  the  
Phase  Three  project  in  2012.  

Currently  MRM  are  in  the  process  of  collating  an  
updated  Closure  Plan  which  reflects  current  activities  
and  approvals  until  the  finalisation  and  acceptance  of  
the  current  Overburden  Management  Project  
Environmental  Impact  Assessment.  

Over  the  coming  months  local  stakeholders  will  be  
consulted  in  forums  such  as  the  Community  
Reference  Group  meeting,  site  meetings  and  tours  
and  specific  discussions  with  Traditional  Owners.  
Government  departments  will  also  play  an  integral  
role  in  the  consultation  and  assessment  process.  

For  more  information  contact:    
Rebecca  Gentle  
Senior  Community  Relations  Adviser    
Phone:  08  8975  8216  
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DISCLAIMER 
 

This document has been provided by O'Kane Consultants Pty Ltd (OKC) subject to the following 
limitations:  
1. This document has been prepared for the client and for the particular purpose outlined in the 

OKC proposal and no responsibility is accepted for the use of this document, in whole or in 
part, in any other contexts or for any other purposes.  

2. The scope and the period of operation of the OKC services are described in the OKC 
proposal and are subject to certain restrictions and limitations set out in the OKC proposal. 

3. OKC did not perform a complete assessment of all possible conditions or circumstances that 
may exist at the site referred to in the OKC proposal. If a service is not expressly indicated, 
the client should not assume it has been provided. If a matter is not addressed, the client 
should not assume that any determination has been made by OKC in regards to that matter.  

4. Variations in conditions may occur between investigatory locations, and there may be special 
conditions pertaining to the site which have not been revealed by the investigation, or 
information provided by the client or a third party and which have not therefore been taken 
into account in this document.. 

5. The passage of time will affect the information and assessment provided in this document. 
The opinions expressed in this document are based on information that existed at the time of 
the production of this document.  

6. The investigations undertaken and services provided by OKC allowed OKC to form no more 
than an opinion of the actual conditions of the site at the time the site referred to in the OKC 
proposal was visited and the proposal developed and those investigations and services 
cannot be used to assess the effect of any subsequent changes in the conditions at the site, 
or its surroundings, or any subsequent changes in the relevant laws or regulations.  

7. The assessments made in this document are based on the conditions indicated from 
published sources and the investigation and information provided. No warranty is included, 
either express or implied that the actual conditions will conform exactly to the assessments 
contained in this document.  

8. Where data supplied by the client or third parties, including previous site investigation data, 
has been used, it has been assumed that the information is correct. No responsibility is 
accepted by OKC for the completeness or accuracy of the data supplied by the client or third 
parties.  

9. This document is provided solely for use by the client and must be considered to be 
confidential information. The client agrees not to use, copy, disclose reproduce or make 
public this document, its contents, or the OKC proposal without the written consent of OKC. 

10. OKC accepts no responsibility whatsoever to any party, other than the client, for the use of 
this document or the information or assessments contained in this document.  Any use which 
a third party makes of this document or the information or assessments contained therein, or 
any reliance on or decisions made based on this document or the information or assessments 
contained therein, is the responsibility of that third party.  

11. No section or element of this document may be removed from this document, extracted, 
reproduced, electronically stored or transmitted in any form without the prior written 
permission of OKC. 
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1 SUMMARY OF MATERIAL PROPERTIES 

1.1 NOEF Growth Medium, Cover System and Landform Materials 

The near surface, or growth medium, materials required to construct the NOEF cover system and 

landform should provide functionality for:  

1) Sufficient plant available water holding capacity for the end land use vegetation 

conditions;  

2) Managing erosion to acceptable levels (in concert with vegetation establishment); and 

3) Protecting underlying finer-textured layers from physical, chemical, and biological 

processes that will substantially alter its functionality (e.g. provide protection from wet-dry 

cycling and therefore desiccation of a finer-textured and compacted clay layer). 

Specific material properties govern how the cover system and landform will perform based on the 

criteria set for the three aspects listed.  Each of the above aspects are considered in the selection 

of materials for cover system and landform design.  This document provides material hydraulic 

property details for each material, including water retention curves (WRC) and hydraulic 

conductivity functions (k-function). 

Potential growth medium cover system materials were examined and classified by lithology 

correlated to geochemical classification, and placed in two general groups: 

 Waste rock (Breccia and Shale); 

 Alluvium and Topsoil. 

These groups are broken out in Table C1.1 with the description based on erosion flume testing. 

Table C1.1: Description of growth medium material used in cover system design. 

Material Description and Comments 

Breccia 

 Material contains high rock content. 

 High infiltration capacity. 

 Minimal runoff expected. 

 Very good properties for managing erosion rates. 

 Good resistance to weathering. 

Shale 

 Material contains a high rock content. 

 High infiltration capacity. 

 Minimal runoff expected. 

 Good properties for managing erosion rates, dependent on weathering. 

 Poor resistance to weathering. 

Alluvium 

 Less erodible soil material (coarser textured spectrum of range of material). 

 Use with caution on slopes. 

 Likely to easily rill. 

Topsoil 

 Highly erodible material without presence of good vegetation ground cover. 

 Use with caution on slopes. 

 Likely to easily rill 
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1.2 Lower Permeability Layer for NOEF Cover System 

For context, OKC considers a material to be “low permeability” if the material has a saturated 

hydraulic conductivity (ksat) of 1 x 10
-7

 cm/s (10
-9

 m/s), or less.  The lower permeability layer, or 

compacted clay layer (CCL), component of the NOEF cover system should provide functionality 

for:  

1) Sufficient water retention capability to maintain tension-saturation conditions such that 

oxygen ingress is managed to the required rate; 

 In general, tension saturation conditions occur when the material’s air-entry-value 

(AEV) is not exceeded (i.e. suction is less than the AEV for the material); 

2) Sufficient clay and clay sized particles, as well as appropriate clay mineralogy to achieve 

the required saturated hydraulic conductivity; and 

3) Sufficient constructability characteristics to be placed with the necessary shear strength 

(density) for anticipated in-service conditions. 

Textural triangles were used to characterise the texture of the clay borrow materials and are 

shown in greater detail in Sections 2.1.1.1 and 2.1.2.1.  The sides of the textural triangle are 

scaled for the percentage of cobble and gravel, sand, and silt and clay-size particles based on the 

Unified Soil Classification System.  The texture of the potential materials used for the lower 

permeability layer of the NOEF cover system tend to plot in two distinct textural classes, as either 

gap-graded, or well graded.  Gap-graded samples plot along the perimeter of the textural triangle 

and consist of approximately 40 to 99% clay and silt separate with the residual primarily 

composed of a sand separate.  The well-graded material is approximately 40% sand and 40% 

cobble and gravel with the residual consisting of the clay and silt separate.  Materials considered 

for a CCL should have a minimum of 30% clay and silt separate to meet typical hydraulic 

conductivity specifications.  The majority of the potential materials to be used for the lower 

permeability layer of the NOEF cover system exceed this guideline. 

Particle size distribution testing alone is not a sufficient parameter for ensuring a low permeable 

layer
1,2

.  Atterberg Limit testing provides additional characterisation and insight to the suitability of 

the material as a low permeable CCL.  Further explanation of the plasticity index (PI) and liquid 

limit (LL) potential for NOEF low permeability cover system material is presented in Section 

2.1.2.3.  The Atterberg Limit testing characterises the samples as medium to high plasticity clay.  

All of the samples have a plasticity index greater than ten, which typically indicates the material 

can be compacted to achieve a hydraulic conductivity of ≤1 × 10
-9

 m/s, provided it is placed and 

compacted appropriately
2
. 

Saturated hydraulic conductivity testing completed by MRM on approximately 130 samples 

indicates a range of 1 x 10
-11

 to 3 x 10
-9

 m/s (Figure C1.1).  Laboratory tests are used to 

demonstrate that materials are suitable for CCLs and that under reasonable compactive effort in 

                                                      
1
 Bonaparte, R., Daniel, D. E., and Koerner, R. M. 2002.  Assessment and recommendations for improving the 

performance of waste containment systems.  U.S Environmental Protection Agency, Cincinnati, OhioEPA600/R-02-099. 
2
 Daniel, D. E., and Koerner, R. M.2007. Waste Containment Facilities: Guidance for construction, quality assurance and 

construction quality control of liner and cover systems. American Society of Civil Engineers, Reston, Virginia. 
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the field the desired hydraulic conductivity can be achieved.  While 130 samples may be 

considered excessive, MRM have a unique database of index tests and permeability 

measurements that will augment the development of a robust quality control and assurance 

construction plan for the low permeability layer of the NOEF cover system.  The effort of testing 

reflects a duplication for a range of material textures, densities and water contents allowing for 

future testing to be limited to index tests. 

 

Figure C1.1: Saturated hydraulic conductivity of MRM NOEF cover system low permeability 
samples prepared at the optimum water content. 
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2 COVER SYSTEM MODELLING MATERIAL PROPERTIES 

2.1 Materials 

Numerous materials have been classified, either on lithology or geochemical basis, for the NOEF.  

These materials can be placed in two general groups: 

 Waste rock; 

 Alluvium and Topsoil. 

As is shown in the “Alluvium and Topsoil” section, alluvium and topsoil have similar properties.  

Hence, OKC simulated topsoil material as part of the alluvium range. 

The rest of this section details the hydraulic properties used to define these general groups.  The 

properties that are needed to define each material are: 

 Water retention curve (WRC) – suction versus volumetric water content); 

 Hydraulic conductivity function (k-function) – suction versus hydraulic conductivity; and 

 Air permeability function – saturation versus air permeability.   
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Table C2.1: Summary of MRM Materials 

Group Lithology Material Class Description Notes 

Waste 
Rock 

Breccia, or 
Shale / 

Weathered 
Shale 

LS – NAF (HC) 

Low Salinity High Capacity NAF.  
Material considered at low risk of 

AMD, NMD and SD drainage.  
Generally characterised by a high 

acid consumption capacity. 

Also referred to as 
CNAF.  Can be 

placed in any zone 
but preferred for 
cover system.    

MS – NAF (HC) 

Metalliferous Saline High Capacity 
NAF.  Material considered at low risk 
of generating AMD but higher risk of 
generating NMD and SD.  Generally 

characterised by a high acid 
consumption capacity. 

Also referred to as 
MNAF.  Can be 

placed in all zones 
but cover system. 

MS – NAF (LC) 

Metalliferous Saline Low Capacity 
NAF.  Material considered at low risk 
of generating AMD but higher risk of 

generating NMD and SD.  While 
non‐acid forming, this material is 

likely to provide limited to no acid 
consumption capacity. 

Also referred to as 
MNAF.  Can be 

placed in all zones 
but cover system. 

PAF (HC) 

High Capacity PAF. 
Material considered at higher risk of 

generating AMD, and is likely to 
have a significant capacity to do so. 
Samples classed as undefined in the 

DITR 2007 classification are 
included in the PAF (HC) category at 

MRM. 

Can only be 
placed in the Core 

and RPAF Cell 
zones. 

PAF (RE) 

Reactive PAF. 

Material considered at higher risk of 
generating AMD, and has the 

highest capacity to do so.  This 
material is at higher risk of self‐

heating and spontaneously 
combusting. 

Also referred to as 
RPAF.  Consists 

of black 
bituminous shales.  

Anticipated to 
breakdown with 

time.  Can only be 
placed in RPAF 

Cell. 

Alluvium 

 & Topsoil 

Alluvium 

Alluvium - 
Undisturbed 

Natural ground beneath the OEF.  

Alluvium – Clay 
Approximately the top 4 m of the 

alluvium layer in the region. 
Planned for use as 
the CCL material. 

Alluvium – Sand 
Directly beneath clay band in the 

area. 
 

Alluvium – Gravel 
and Cobbles 

“River bed” material comprising 
gravel and cobbles in a sandy / silty 
matrix.  Limited to the area on the 

old McArthur River course.   

Potential drainage 
layer material. 

Topsoil Topsoil 
Surface layer of natural ground, 
higher in organics content than 

alluvium. 
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2.1.1 Waste Rock 

2.1.1.1 Available Data for Waste Rock 

Particle size distribution (PSD) data is available for a total of 14 samples, 10 of which were 

collected in the summer of 2015, and 4 in 2006.  OKC collected samples of non-acid forming 

(NAF) run-of-mine (ROM) waste in 2006 while conducting a borrow investigation for the tailings 

storage facility.  Samples collected in 2015 were identified by the dominant type (i.e. shale and 

breccia).  Split-Net digital image analysis was used to determine PSD of each of the 2015 

samples on a larger scale (up to 4 m).  Results of the digital image analysis were used to correct 

for oversize particles in the laboratory test results.  Results indicate relatively coarser-textured 

material with high components of large stones, gravel and cobbles for each of the materials 

(Figure C2.1).  Percentage composition of the clay and silt and sand separate is low in all 2015 

samples; less than 20%.  In OKC’s experience these waste rock samples may be biased to the 

coarser fraction due to sampling techniques.  Samples collected in 2006 have a higher 

component of sand and fines. 

Figure C2.1 shows the texture classification ranges estimated for waste rock based on the field 

data and estimated potential segregation during placement and evolution with time. 

 

Figure C2.1: Textural triangle of all known MRM samples with estimated waste rock texture 
ranges (coarser, intermediate, and finer-textured classifications). 
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Additional laboratory test results are summarised in Table C2.2.  The saturated hydraulic 

conductivity for three samples representing the breccia, W-fold shale, and weathered shale are 

essentially the same.  If the samples were biased to the coarser fraction as discussed above, the 

saturated hydraulic conductivity (ksat) would also be biased in the same manner (i.e. higher).  Soil 

particle density values presented are averages of five samples for each material.  Compaction 

testing was completed on composite samples of each material by Trilab, while permeability 

testing was completed by the University of Newcastle.  Note that the Dry bulk density listed was 

used for the permeability testing and does not necessarily reflect in situ conditions.  These are 

however adequate for the purpose at hand.  

Table C2.2: Summary of geotechnical test results for waste rock 

Material 

Permeability Testing 
(AS 1289 6.7.1) 

Compaction Testing 
(AS 1289 5.1.1) 

Average soil 
particle 
density 

(AS 1289 
3.5.1) 

ksat 
(m/s) 

Dry bulk 
density  
(t/m

3
) 

MDD 
(t/m

3
) 

OMC 
(%) 

t/m
3
 

W-fold shale 2 x 10
-4

 1.71 2.07 10.8 2.75 

Weathered 
shale 

1 x 10
-4

 1.62    

Breccia 2 x 10
-4

 1.56 2.11 11.1 2.92 

MRM Operations assumes that density of compacted waste rock ranges from 2.1 to 2.24 t/m
3
, 

and saturated hydraulic conductivity will range from 1 x 10
-4

 to 1 x 10
-7

 m/s.  Operations describe 

the use of a relatively thin layer of compacted waste rock placed at a slope of 1:100 to shed water 

from the waste storage facility during operations.  Laboratory permeability measurements show a 

higher range than the values previously assumed (1.3 to 1.7 x 10
-4

 m/s).  Laboratory compaction 

testing results indicate maximum dry density values of 2.07 and 2.11 t/m
3
 for the W-fold shale and 

breccia materials, respectively.  It should be noted that compaction tests were conducted only on 

the portion of materials passing 4.75 mm; these assumed properties must be verified through field 

scale testing prior to final design.  In terms of determining the saturated hydraulic conductivity of 

trafficked surfaces on waste rock dumps, this should be determined with in situ measurements.  

Trafficked surface typically has a lower hydraulic conductivity due to sorting and mechanical 

energy of dozing, grading, and traffic. 

Specific gravity testing was completed on each of the 2015 samples.  Particle density of the shale 

samples ranged from 2.74 to 2.75 (average 2.75).  Particle density of the breccia samples ranged 

from 2.89 to 2.96 (average 2.92).  Based on these particle densities, and maximum density as 

determined in the laboratory, porosity would be expected to range from ~0.24 to 0.28. 

Further PSD testing should be completed to assess how waste rock texture will evolve in 

response to weathering processes.  A permeability test (as per AS 1289 6.7.1) completed on a 

sample of waste rock classified as “weathered shale” at a dry bulk density of 1.62 t/m
3
 indicated a 
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hydraulic conductivity of 1.3 x 10
-4

 m/s.  The shale is widely portrayed as a material that breaks 

down upon exposure resulting in an increase in fines and reduced hydraulic conductivity. 

Particle segregation will be influenced by dump placement method.  Digital photographic records 

and PSDs suggest that the materials sampled have a high propensity for segregation, even along 

relatively short tip heads.  An implication of this is that a more pronounced segregation is likely to 

occur as a result of end-tipping. 

Atterberg limits test results are summarised in Table C2.3.  While the Atterberg limits test results 

suggest clay minerals are present, the PSD test results indicate that they are not in sufficient 

quantities to influence the hydraulic properties of the waste rock.  Adequately defining the range 

of waste rock textures will assist identifying the potential influence of clay on the hydraulic 

properties. 

Table C2.3: Summary of Atterberg limits testing for waste rock 

Material Sample ID 
Liquid limit 

(%) 
Plastic limit 

(%) 

Plasticity 
index 
(%) 

Linear 
shrinkage 

(%) 

Moisture 
content 

(%) 

W-fold shale 

SP MRM-S1 25 16 9 5 1.1 

SP MRM-S2 26 16 10 5.5 1.0 

SP MRM-S3 27 17 10 6.0 0.9 

SP MRM-S4 28 16 12 6.0 0.9 

SP MRM-S5 26 16 10 6.0 0.8 

SP 
Composite 

27 16 11 5.5 1.1 

Breccia 

SP MRM-B1 22 13 9 4.0 0.3 

SP MRM-B2 21 16 5 1.0 0.4 

SP MRM-B3 21 17 4 1.0 0.4 

SP MRM-B4 20 16 4 1.0 0.4 

SP MRM-B5 20 14 6 2.5 0.4 

SP 
Composite 

21 15 6 1.0 0.4 

Figure C2.2 provides water retention measurements from the University of Queensland for W-fold 

shale and breccia composite samples. It should be noted that these water retention results were 

obtained from composite samples consisting of only materials passing 4.75 mm sieve.  Hence, 

the water retention data is more representative of a medium- to finer-textured waste rock.   
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Figure C2.2: Laboratory measurements of water retention for waste rock samples. 

2.1.1.2 Previously Estimated Waste Rock Model Inputs 

Properties for the MRM waste rock have been estimated by OKC
3,4

 in previous work.  A general 

range of waste rock properties was also estimated for Stage 1 DumpSim modelling
5
.  As shown in 

Figure C2.3 and Table C2.3, these previously estimated waste rock properties spanned a large 

range.  The MRM waste rock is likely to span a large range, but a more systematic approach for 

defining this range of material properties was implemented for current modelling.   

                                                      
3
 OKC, 2014.  McArthur River Mine Site Rehabilitation of North Overburden Emplacement Facility, West A-B Cells.  

Prepared for Glencore.  Appendix A. 
4
 OKC, 2016.  McArthur River Mine – Updated Cover System Design Modelling for North Overburden Emplacement 

Facility. 10 February. 
5
 OKC, 2016.  McArthur River Mine – Gas Flux Analytical Modelling Assessment of Existing NOEF. 20 June. 
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Figure C2.3: Previous WRC estimates for MRM waste rock. 

Table C2.4: Previous saturated hydraulic conductivity (ksat) estimates for MRM waste rock. 

Source Description ksat (m/s) 

2014 OKC Preliminary Cover System Design 
Modelling 

Waste Rock 1 x 10
-5 

2016 OKC Additional Preliminary Cover 
System Design Modelling 

Breccia 
1.7 x 10

-4
 

W-Fold Shale 

2015 KCB Seepage Modelling 

PAF Waste Rock – End Tipping 5 x 10
-4

 

Cover Rock 

1 x 10
-4 

Halo Rock 

Rock Armour on PAF cell 

Sub-base Protection Layer 

PAF Waste Rock – Paddock Dumping 
1 x 10

=5
 

LS-NAF (HC) and MS-NAF 

Stage 1 DumpSim Modelling 

Coarser-Textured Waste Rock 1 x 10
-2 

Intermediate-Textured Waste Rock 5 x 10
-5 

Loose Finer-Textured Waste Rock 1 x 10
-5 

Compacted Finer-Textured Waste Rock 1 x 10
-7 
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Stage 1 DumpSim - Intermediate-Textured Waste Rock
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2.1.1.3 Waste Rock Model Inputs 

Table C2.5 provides a summary of the material properties estimated for waste rock used for the 

updated cover system modelling provided in this report.  The waste rock has been divided into 

two types: breccia and W-fold shale.  These types are sub-divided into three relative texture 

classes: coarser; intermediate and finer.  Each texture class has material properties estimated at 

four different compaction levels.  This systematic approach to defining the waste rock material 

properties was done to provide a full range of potential properties anticipated to occur in the field.   

Table C2.5: Summary of waste rock material properties 

Type Texture 
Dry 

Density 
(t/m

3
) 

Gs  
 

van Genuchten
6
 Parameters 

ƟS 

(m
3
/m

3
) 

ƟR 

(m
3
/m

3
) 

α  
(kPa) 

n 
ksat  

(m/s) 

W-fold 
Shale 

Finer 

1.5 

2.75 

0.455 0 1.0 1.27 1.0 x 10
-3

 

1.7 0.382 0 2.0 1.27 2.5 x 10
-4 

1.9 0.309 0 4.0 1.27 5.0 x 10
-5 

2.1 0.236 0 11 1.27 5.0 x 10
-6

 

Intermediate 

1.5 0.455 0 0.9 1.40 5.0 x 10
-3

 

1.7 0.382 0 1.4 1.40 1.5 x 10
-3

 

1.9 0.309 0 2.5 1.40 3.5 x 10
-4

 

2.1 0.236 0 5.0 1.40 5.0 x 10
-5

 

Coarser 

1.7 0.382 0 0.7 1.60 1.0 x 10
-2

 

1.9 0.309 0 1.0 1.60 3.5 x 10
-3

 

2.1 0.236 0 1.5 1.60 1.0 x 10
-3

 

2.3 0.164 0 3.0 1.60 1.0 x 10
-4

 

Breccia 

Finer 

1.5 

2.92 

0.486 0 0.5 1.30 1.0 x 10
-3

 

1.7 0.418 0 0.8 1.30 2.5 x 10
-4

 

1.9 0.349 0 1.5 1.30 5.0 x 10
-5

 

2.1 0.281 0 3.0 1.30 5.0 x 10
-6

 

Intermediate 

1.5 0.486 0 0.3 1.40 5.0 x 10
-3

 

1.7 0.418 0 0.4 1.40 1.5 x 10
-3

 

1.9 0.349 0 0.7 1.40 3.5 x 10
-4

 

2.1 0.281 0 1.2 1.40 5.0 x 10
-5

 

Coarser 

1.7 0.418 0 0.3 1.60 1.0 x 10
-2

 

1.9 0.349 0 0.4 1.60 3.5 x 10
-3

 

2.1 0.281 0 0.6 1.60 1.0 x 10
-3

 

2.3 0.212 0 1.0 1.60 1.0 x 10
-4

 

WRCs for the W-fold shale and Breccia are provided in Figure C2.4 and Figure C2.5.   

                                                      
6
 van Genuchten, M. Th. 1980. A closed-form equation for predicting the hydraulic conductivity of 

unsaturated soils. Soil Science Society of America Journal, Vol. 44, pp:892-898. 
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Figure C2.4: Estimated WRCs for Breccia 

Figure C2.5: Estimated WRCs for W-fold shale 
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W-Fold Shale - Coarser-Textured: dry density = 1.9 t/m3

W-Fold Shale - Coarser-Textured: dry density = 2.1 t/m3

W-Fold Shale - Coarser-Textured: dry density = 2.3 t/m3
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2.1.2 Alluvium and Topsoil 

2.1.2.1 Available Data for Alluvium and Topsoil 

As was done with the waste rock, the alluvium and topsoil samples are plotted on a textural 

triangle and have been subdivided by texture ranges (Figure C2.6).  The texture of the alluvium 

and topsoil samples have been subdivided into four topsoil and alluvium texture classes: clay; 

clay/sand; sand; and cobbles and gravel. 

 

Figure C2.6: Textural triangle of topsoil and alluvium samples. 

Compacted clay layer (CCL) materials should have a minimum of 30% clay and silt separate to 

meet hydraulic conductivity specifications, which is represented by the black dashed line on 

Figure C2.6
7
. This general rule is given additional credence by the laboratory test results 

presented in Figure C2.7, which shows that the MRM samples have a general trend for lower ksat 

with a higher percent fines.  However, particle size distribution testing alone is not a sufficient 

parameter for ensuring a low permeable layer
8
.   

                                                      
7
 Daniel, D. E. 1990. Summary review of construction quality control fro compacted soil liners.  Waste Containment 

Systems: Construction, Regulations, and Performance, R. Bonaparte, ed., American Society of Civil Engineers, New York, 
175-189. 
8
 Bonaparte, R., Daniel, D. E., and Koerner, R. M. 2002.  Assessment and recommendations for improving the 

performance of waste containment systems.  U.S Environmental Protection Agency, Cincinnati, OhioEPA600/R-02-099. 
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Figure C2.7: Saturated hydraulic conductivity as a function of percentage of fines. 

Atterberg Limits testing provides additional characterisation and insight to the suitability of the 

material as a low permeable CCL.  Figure C2.8 presents the plasticity index (PI) and liquid limit 

(LL) for the MRM samples.  Atterberg Limits testing characterises the samples as medium to high 

plasticity clay.  The samples plot uniformly, suggesting a homogeneous clay minerology, and also 

plot above the A-Line indicating active clay minerals such as montmorillonites and illites are 

present.  Most of the samples have a PI greater than 10%, which typically indicates the material 

can be compacted to achieve a ksat of ≤1 × 10
-9

 m/s
9
, provided it is placed and compacted 

appropriately.  This general rule is substantiated by Figure C2.9, which shows: 

 no laboratory sample had a ksat less the 2 x 10
-9

 m/s when its PI was less than 10%; 

 five of nine samples with a PI between 10% and 20% had a ksat greater than 1 x 10
-9

  m/s; 

and 

 only one sample with a PI greater than 20% had a ksat greater than 1 x 10
-9

 m/s. 

However, it must be remembered that often laboratory saturated hydraulic conductivity 

measurements represent near optimum material preparation, which does not reflect in situ 

conditions in a majority of cases.  Hence, hydraulic conductivity function estimates for the 

modelling completed for this project accounted for higher ksat values than those measured in 

laboratory tests.   

                                                      
9
 Daniel, D. E., and Koerner, R. M.2007. Waste Containment Facilities: Guidance for construction, quality assurance and 

construction quality control of liner and cover systems. American Society of Civil Engineers, Reston, Virginia. 
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Figure C2.8: Plasticity chart for potential CCL layer samples. 

 

Figure C2.9: Saturated hydraulic conductivity of samples as a function of plasticity index. 
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WRC data measured for five samples of alluvium – clay and topsoil are presented in Figure 

C2.10.  The WRC and ksat data show similarities in the properties of the topsoil and alluvium – 

clay materials.  Hence, OKC simulated the topsoil material as part of the alluvium range. 

 

Figure C2.10: Measured WRC data for five MRM alluvium and topsoil samples. 

Specific gravity (Gs) measurements of the KCB drilling samples provided a range of Gs from 2.48 

to 2.85.  Hence, a Gs of 2.7 was used to estimate properties for the topsoil and alluvium. 

2.1.2.2 Previously Estimated Alluvium and Topsoil Model Inputs 

Properties for the MRM topsoil and alluvium have been estimated by OKC
10,11

 in recent years and 

are presented in Figure C2.11 and Table C2.7.  Note KCB did not provide WRC information in 

their report.  The previous estimates are all within the same range, but lack a systematic 

approach for defining this range of material properties; and also lack properties for alluvium – 

sand material and alluvium – cobbles and gravel material.  As such, a systematic range of 

alluvium properties was estimated for Stage 1 DumpSim modelling, which will be presented in the 

following “Proposed Alluvium and Topsoil Model Inputs” section.   

                                                      
10

 OKC, 2014.  McArthur River Mine Site Rehabilitation of North Overburden Emplacement Facility, West A-B Cells.  
Prepared for Glencore.  Appendix A. 
11

 OKC, 2016.  McArthur River Mine – Updated Cover System Design Modelling for North Overburden Emplacement 
Facility. 10 February. 
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Figure C2.11: Previous WRC estimates for MRM alluvium and topsoil. 

Table C2.6: Previous saturated hydraulic conductivity (ksat) estimates for MRM topsoil and 
alluvium 

Source Description ksat (m/s) 

2014 OKC Preliminary Cover System Design 
Modelling 

Alluvium 1 / Topsoil 5 x 10
-7 

Alluvium 2 1 x 10
-6 

Alluvium 3 5 x 10
-6 

CCL 3 x10
-10 

2016 OKC Additional Preliminary Cover 
System Design Modelling 

Topsoil 5 x 10
-6

 

Alluvium 2 x 10
-6 

CCL 1 x 10
-9 

2015 KCB Seepage Modelling 

Cover CCL 

1 x 10
-9

 PAF Cell Top CCL / Lift One CCL 

Engineered Sub-base 

Wet Season CCL 
1 x 10

-8
 

PAF batter CCL 

Alluvium 1.9 x 10
=5
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OKC 2016 Updated Preliminary Cover System Design Models- CCL
OKC 2016 Updated Preliminary Cover System Design Models - Topsoil
OKC 2016 Updated Preliminary Cover System Design - Alluvium
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2.1.2.3 Alluvium and Topsoil Model Inputs 

A systematic range of alluvium properties was estimated for this project to enable modelling of the 

relative performance of the dump for different assumed materials and placement specifications.  

Table C2.7 provides a summary of the material properties estimated for alluvium and topsoil.  

These types are sub-divided into three relative texture classes: clay; sand; and cobbles and 

gravel.  Each texture class has material properties estimated at four different compaction levels. 

Table C2.7: Summary of alluvium and topsoil material properties. 

Type Texture 
Dry 

Density 
(t/m

3
) 

Gs  
 

van Genuchten
12

 Parameters 

ƟS 

(m
3
/m

3
) 

ƟR 

(m
3
/m

3
) 

α  
(kPa) 

n 
ksat  

(m/s) 

Topsoil & 
Alluvium 

Clay 

1.5 

2.7 

0.444 0 10 1.20 5.0 x 10
-7

 

1.7 0.370 0 50 1.20 1.0 x 10
-8 

1.9 0.296 0 200 1.20 1.0 x 10
-9 

2.1 0.222 0 900 1.20 5.0 x 10
-10

 

Clay/Sand 

1.5 0.444 0 2 1.30 3.0 x 10
-6

 

1.7 0.370 0 10 1.30 1.0 x 10
-7

 

1.9 0.296 0 40 1.30 1.0 x 10
-8

 

2.1 0.222 0 100 1.30 5.0 x 10
-9

 

Sand 

1.5 0.444 0 0.5 1.45 5.0 x 10
-4

 

1.7 0.370 0 1.4 1.40 1.0 x 10
-6

 

1.9 0.296 0 3.0 1.35 1.0 x 10
-7

 

2.1 0.222 0 5.0 1.30 5.0 x 10
-8

 

Cobbles 
and Gravel 

1.5 0.444 0 0.2 1.60 1.0 x 10
-2

 

1.7 0.370 0 0.7 1.55 1.0 x 10
-4

 

1.9 0.296 0 2.0 1.50 1.0 x 10
-5

 

2.1 0.222 0 4.0 1.45 5.0 x 10
-6

 

The WRCs estimated for the alluvium and topsoil are provided in Figure C2.12.   

                                                      
12

 van Genuchten, M. Th. 1980. A closed-form equation for predicting the hydraulic conductivity of 
unsaturated soils. Soil Science Society of America Journal, Vol. 44, pp:892-898. 
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Figure C2.12: Estimated WRCs for topsoil and alluvium. 
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3 EROSION MODELLING  

Five material types were tested for erosion properties, the key SIBERIA parameters are listed in 

Table C3.1 along with descriptions provided by UoN. The SIBERIA parameters are unitless 

parameters required to solve the empirical fluvial sediment transport formula that SIBERIA uses 

for landform evolution prediction, as described in Equation 1. 

 𝑞𝑠 = 𝑏1 ×  𝑞𝑚1  ×  𝑆𝑛1 [1] 

Where:  b1 is the coefficient of the fluvial sediment yield formula  

 m1 is the exponent on discharge (q) 

n1 is the exponent on the slope (S) 

qs is the sediment yield 

Table C3.1: Description of materials and SIBERIA parameters. 

Material 

SIBERIA 
Parameters Description* 

b1 m1 n1 

Breccia 0.01 1.6 1 
Material supplied of immense rock content. Erosion testing was 
conducted on crushed material. High infiltration rate, low runoff, very 
good properties for erosion protection. 

Shale 0.01 1.3 1.4 
Material supplied of immense rock content. High infiltration rate, low 
runoff, very good properties for erosion protection. 

Weathered 
Shale 

0.03 1.6 2.0 
Highly erodible. Likely to weather rapidly and susceptible to erosion. 
Use with caution on slopes.  

Alluvium 0.09 1.1 1.1 
Less erodible soil material. Use with caution on slopes. Likely to easily 
rill. 

Topsoil 0.15 1.1 1.0 Highly erodible topsoil. Use with caution on slopes. Likely to easily rill 

* As conducted and reported by Department of Earth Sciences, University of Newcastle  
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1 Introduction 

The assessment of climate change impacts is a key risk management task for the McArthur 
River Mine (MRM) Overburden Management Project (OMP) Environmental Impact Statement 
(EIS) project (the project). The MRM OPM EIS will investigate potential climate change 
impacts on the project across all relevant technical disciplines using the agreed climate 
change impact assessment approach. 

MRM requested WRM Water & Environment (WRM) to develop the approach to assess the 
potential impacts of climate change on the project. This report is in response to this 
request.  
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2 Literature review 

2.1 GENERAL 

The Australian Government have released a number of reports on managing the risks of a 
variable and changing climate in Australia. A desktop review of available and relevant 
climate change information from the Australian Government Department of Environment, 
Australian Bureau of Meteorology and CSIRO reports is presented below.  

2.2 COMMONWEALTH DEPARTMENT OF ENVIRONMENT REPORT 

(DOE, 2015) 

2.2.1 Overview 

The Commonwealth Department of the Environment (DoE) have released a report entitled 
“national climate resilience and adaptation strategy” (DoE, 2015) on 2 December 2015 
(accessed on 21 December 2015). The Strategy sets out how Australia is managing climate 
risks for the benefit of the community, economy and environment. It identifies a set of 
principles to guide effective adaptation practice and resilience building, and outlines the 
Government’s vision for the future. 

2.2.2 Findings 

With respect to the potential water resources impacts due to a changing climate, the DoE 
report finds that: 

 Our climate is changing, largely due to the observed increases in human activities. 

 Since 1910 there has been an increase in average surface temperature in Australia 
of 0.9 degrees Celsius.  

 Since 1950, there has been a reduction in cool season rainfall and runoff in southern 
areas, and an increase in summer rainfall in the north. 

 When changes in rainfall are combined with expected increases in potential 
evaporation, decreases in soil moisture are expected across Australia.  

 Extreme rainfall events are projected to increase in intensity. 

 Groundwater is vulnerable to climate change and climate variability. Potential 
climate risks for groundwater include reduced groundwater recharge and 
groundwater supplies, seawater intrusion to coastal aquifers, reduction of 
freshwater availability on small islands, and increased demand. 

 Increased extreme weather events, such as bushfires and floods, can affect water 
quality and the infrastructure on which our water resources rely. Increasing 
temperatures may also increase the risk of bacterial contamination in water 
supplies, blue-green algal outbreaks and acid-sulphate soil issues. 

 More extreme hot days could pose a risk to worker safety and productivity, and 
disrupt electricity supplies leading to service failure. 

 Rising sea levels may pose a flood risk to low-lying coastal assets and may lead to 
saltwater intrusion into groundwater resources. 

 Changes in summer tropical rainfall in northern Australia remain highly uncertain 
(Source: http://www.environment.gov.au/climate-change/climate-
science/climate-change-future/rainfall). 

http://www.environment.gov.au/climate-change/climate-science/climate-change-future/rainfall
http://www.environment.gov.au/climate-change/climate-science/climate-change-future/rainfall
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2.3 COMMONWEALTH BUREAU OF METEOROLOGY AND CSIRO 

REPORTS (CSIRO, 2015A; CSIRO, 2015B) 

2.3.1 Overview 

The Commonwealth Scientific and Industrial Research Organisation (CSIRO) and the 
Commonwealth Bureau of Meteorology (BoM) have prepared a report entitled “Climate 
Change in Australia Technical Report” (CSIRO, 2015a). This report provides guidance on 
the possible projections of future climate for the Monsoonal North based on a current 
understanding of the climate system, historical trends and model simulations of the 
climate response to changing greenhouse gas and decreasing aerosol emissions. Projections 
have been given for a number of climatic variables including (but not limited to) 
temperature, rainfall, solar radiation, wind speed, cyclones, potential evapotranspiration 
and sea levels. A second report entitled “Climate Change in Australia Projections Cluster 
Report – Monsoonal North” (CSIRO, 2015b) provides projections for the region where MRM 
is situated. 

2.3.2 Representative Concentration Pathways (RCPs) 

It is very difficult to project future anthropogenic greenhouse gas and aerosol emissions 
because of significant unknowns and uncertainties in population and economic growth, 
technological developments and transfer, and political and social changes. The climate 
modelling community has developed Representative Concentration Pathways (RCPs) to 
explore credible future climate options. The review focused on projections of climatic 
variables provided for the following range of Representative Concentration Pathway (RCP) 
scenarios: 

 RCP8.5 scenario representing a high emissions scenario with predicted 
temperature increases of 2.6 to 4.8 degrees Celsius by 2090 compared with 1986 
to 2005 conditions. This pathway represents a future with little curbing of 
emissions, with a CO2 concentration continuing to rapidly rise, and assumes 
increases in emissions leading to a CO2 concentration of about 940 ppm by 2100. 

 RCP6.0 scenario representing an intermediate emissions scenario with predicted 
temperature increases of 1.4 to 3.1 degrees Celsius by 2090 compared with 1986 
to 2005 conditions. This pathway represents lower emissions compared to RCP8.5, 
achieved by application of some mitigation strategies and technologies. This 
scenario results in the CO2 concentration rising less rapidly than RCP8.5, but still 
reaching 660 ppm by 2100. 

 RCP4.5 scenario representing an intermediate emissions scenario with predicted 
temperature increases of 1.1 to 2.6 degrees Celsius by 2090 compared with 1986 
to 2005 conditions. This pathway requires slower emission reductions that stabilise 
the CO2 concentration at about 540 ppm by 2100. RCP4.5 concentrations are 
slightly above those of RCP6.0 until after mid-century, but emissions peak earlier 
(around 2040), and the CO2 concentration reaches 540 ppm by 2100. 

 RCP2.6 scenario representing a low emissions scenario with predicted temperature 
increases of 0.3 to 1.7 degrees Celsius by 2090 compared with 1986 to 2005 
conditions. This pathway requires very strong emission reductions from a peak at 
around 2020), then declining to reach a carbon dioxide (CO2) concentration at 
about 420 parts per million (ppm) by 2100. 

The above four RCPs represent the distillation of a much larger number of potential 
futures that have been discussed. These RCPs have been used in the fifth Climate Model 
Inter-comparison Project (CMIP5) and the latest IPCC Assessment Report (2013) and differ 
from the Special Report on Emissions Scenarios (SRES) used in the previous Climate Change 
in Australia (CSIRO and BOM, 2007) projections report and in the IPCC (2007) report. A 
comparison of CO2 concentrations and global temperature for the two sets of scenarios is 
shown in Figure 2.1 and Figure 2.2 respectively. The RCPs represent a wider set of futures 
than SRES, and now explicitly include the effect of mitigation strategies. 
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Figure 2.1 Comparison of RCPs and SRESs CO2 concentrations over time (source: CSIRO, 
2015a) 

 

 

Figure 2.2 Comparison of RCPs and SRESs global temperature over time  

 

Of the above emissions scenarios, RCP4.5 appears to represent the outcomes from the 
COP21 Paris Agreement. 

2.3.3 Findings 

For each climate variable, the projected change is accompanied by a confidence rating. 
This rating follows the method used by the IPCC in the Fifth Assessment Report, whereby 
the confidence in a projected change is assessed based on the type, amount, quality and 
consistency of evidence (which can be process understanding, theory, model output, or 
expert judgement) and the degree of agreement amongst the different lines of evidence 
(IPCC, 2013). The confidence ratings used here are set as low, medium, high or very high. 
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The review focuses on climate projections for two time periods: 

 Short-term: the 2030 time period (which represents the near future 2020 to 2039). 

 Long-term: the 2090 time period (which represents the late in the 21
st
 century 2080 

to 2099). 

 

Table 2.1 presents a summary of short-term and long-term climate change findings made 
in CSIRO (2015a; 2015b) for various climate variables for different emissions scenarios. 

Table 2.1 Short-term (near future - 2030) and long-term (late in the century - 2090) 
climate projections compared to the climate of 1986 to 2005 (source: CSIRO, 2015b) 

Climatic 
Variable 

Near future (2030) Late in the century (2090) 

Average 
temperature 

The mean warming is around 0.5 to 
1.3 degrees Celsius (projected with 
very high confidence). Only minor 
differences projected between 
different RCPs.  

The mean warming is around 1.3 to 2.7 
degrees Celsius for RCP4.5 and 2.8 to 5.1 
degrees Celsius for RCP8.5. 

Average 
rainfall 

There is high confidence that natural 
climate variability will remain the 
major driver of annual mean rainfall 
changes by 2030 (20-year mean 
differences of +/- 10 % annually). 

The magnitude of possible summer 
rainfall change is around +/-10 %. The 
magnitude of possible differences in 
spring and autumn rainfall is around -
25 % to +20 %. 

 

There is generally low confidence in 
projected rainfall changes. This is 
because of the differing simulations of 
the GCMs, and also because different 
processes, such as monsoon onset, 
Madden-Julian Oscillation (MJO) and 
tropical circulation can have opposite 
impacts on model projected rainfall 
changes. Also, there is large spread in the 
skill of models in simulating these 
processes. Additionally, GCMs may not 
adequately represent the influence of 
Eastern Australian orography on rainfall. 

The projected change is around -15 % to 
+10 % under RCP4.5 and around -25 % to 
+20 % under RCP8.5. There is an 
indication of a slight decline in spring 
(model range from around -45 to +30 % 
under RCP8.5). The magnitude of possible 
differences in spring and autumn is 
around +/-30 % under RCP4.5 and -45 to 
+30 % under RCP8.5 

Rainfall 
intensity 

Understanding of physical processes 
and high model agreement gives high 
confidence that the intensity of heavy 
rainfall events (for example, a 5% (1 in 
20) annual exceedance probability 1-
day rainfall) will increase. The 
magnitude of change and the time 
when any change may be evident in 
addition to natural variability cannot 
be reliably projected. 

Understanding of physical processes and 
high model agreement gives us high 
confidence that the intensity of heavy 
rainfall events will increase. The 
magnitude of change, and the time when 
any change may be evident in addition to 
natural variability cannot be reliably 
projected. 

Drought There is low confidence in projecting 
changes in the frequency and duration 
of extreme meteorological drought. 

There is low confidence in projecting 
changes in the frequency and duration of 
extreme meteorological drought. 
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Climatic 
Variable 

Near future (2030) Late in the century (2090) 

Cyclones Small changes in mean surface wind 
speed are projected with high 
confidence under all RCPs. 

There is medium confidence that 
tropical cyclones will become less 
frequent but there will be an increase 
in the proportion of the most intense 
storms. 

Little change is projected with medium 
confidence. However, substantial changes 
are present in some models, seasons and 
parts of monsoonal north (particularly 
with increases in spring and decreases in 
autumn wind speed under RCP8.5). 

Tropical cyclones are projected with 
medium confidence to become less 
frequent, but with increases in the 
proportion of the most intense storms. 

Solar 
radiation 

Little change is projected for solar 
radiation with high confidence.  

 

Under RCP8.5, larger changes in radiation 
are projected by some models, and with 
some agreement on a decrease. The 
causes of these changes are not well 
understood and therefore, there is low 
confidence in these projections. 

Relative- 
humidity 

Little change is projected for relative 
humidity with high confidence. 

There is medium confidence in a decrease 
in relative humidity under RCP8.5 based 
on model results and physical 
understanding. 

Evapo-
transpiration 

There is high confidence that 
potential evapotranspiration will 
increase in all seasons. However there 
is only medium confidence in the 
magnitude of the projected increases. 

There is high confidence that potential 
evapotranspiration will increase in all 
seasons, with the largest absolute rates in 
summer by 2090. However, there is only 
medium confidence in the magnitude of 
these projections. 

Soil 
moisture 

There is medium confidence that soil 
moisture will decrease predominantly 
in winter and spring. The changes in 
soil moisture are strongly influenced 
by changes in rainfall, but tend to be 
more negative because they are 
reinforced by increases in potential 
evapotranspiration. 

The projections indicate overall seasonal 
decreases with medium confidence, but 
predominately in winter and spring. The 
changes in soil moisture are strongly 
influenced by changes in rainfall, but 
tend to be more negative because they 
are reinforced by increases in potential 
evapotranspiration.  

Annual 
runoff 

For reasons similar to soil moisture, 
runoff is projected to decrease, but 
only with low confidence. More 
detailed hydrological modelling is 
needed to confidently assess changes 
to runoff. 

For reasons similar to soil moisture, 
runoff is projected to decrease, but only 
with low confidence. More detailed 
hydrological modelling is needed to 
confidently assess changes to runoff. 

Sea 
level 

There is very high confidence that sea 
levels will continue to rise with rise. 
The projected range of rise is 0.06 m 
to 0.17 m, with only minor differences 
between different RCPs. 

There is very high confidence that sea 
level will continue to rise, with 
projections sensitive to RCPs. By 2090, 
RCP4.5 gives a rise of 0.28 to 0.64 m and 
RCP8.5 gives a rise of 0.38 to 0.85 m. 
These ranges of sea level rise are 
considered likely (at least 66 % 
probability). However, if a collapse in the 
marine based sectors of the Antarctic ice 
sheet were initiated, these projections 
could be several tenths of a metre higher 
by late in the century. 
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Table 2.2 presents the range of simulated results from Global Climate models (GCMs) for 
the short-term (2030) and long-term (2090) time periods relative to the climate of 1986 to 
2005. The spread of model results are presented (within brackets) as the range between 
the 10

th
 and 90

th
 percentile. For each time period, the model spread is attributed to three 

sources of uncertainty: the range of future emissions, the climate response of the models, 
and natural variability. 

Table 2.2 Global climate model simulated changes in Short-term (near future - 2030) 
and long-term (late in the century - 2090) climate variables relative to the climate of 
1986 to 2005 (source: CSIRO, 2015b) 
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3 Review of historical climate data 

3.1 OVERVIEW 

The trend in annual rainfall in the Monsoonal North from 1900 to 2012 suggests a slight 
increase in annual rainfall with alternating decades of wetter and drier conditions 
throughout the 20

th
 century. The region experienced drier conditions in the early parts of 

the 20
th
 century that was associated with the Australia-wide Federation drought and the 

World War II drought. In more recent years, there were more variable rainfall conditions 
due to the impact of tropical cyclones and strong La Nina events interspersed with 
sequences of years with dryer than average rainfall in the late 1980’s and early 1990’s 
(CSIRO, 2015b). 

3.2 COMPARISON OF DATA FOR THE FULL HISTORICAL PERIOD 

AGAINST THE GLOBAL CLIMATE MODEL REFERENCE PERIOD 

Synthetic climate data is available for the MRM site from the Queensland Climate Change 
Centre of Excellence (QCCCE) SILO Data Drill Service. The MRM Data Drill data have been 
derived by interpolation of recorded climate data between regional stations as described 
by Jeffreys et al. (2001). The Data Drill provides a continuous daily data set between 1889 
and 2015 (baseline period).  

The SILO rainfall data set adopted at MRM has been generated based on three key rainfall 
stations including MRM (M.I.M. Pump), Borroloola and Anthony Lagoon. A review of 
recorded rainfalls at these three stations confirm that the adopted MRM SILO data shows 
similar trends in the annual average rainfalls compared with the recorded rainfalls at MRM, 
Borroloola and Anthony Lagoon. Hence, the full period of rainfall (1889-2015) has been 
adopted for use in the project. 

Figure 3.1 shows the variation of annual rainfall over baseline period, together with the 
10-year annual moving average rainfall over whole period. Table 3.1 and Table 3.2 show 
the average, median, 10

th
 percentile and 90

th
 percentile climate variables from the SILO 

data for the 1889 to 2015 historical baseline period and the 1986 to 2005 Global Climate 
Model reference period respectively. Table 3.3 shows the percentage differences between 
the average, median, 10

th
 percentile and 90

th
 percentile climate variables from the two 

data periods. 

The comparison of the historical baseline and GCM reference period data sets shows that: 

 The average, median, 90
th
 percentile exceedance and 90

th
 percentile exceedance 

daily temperatures in the GCM reference period are a little higher than the 
equivalent values for the historical baseline data period. 

 The median annual rainfalls in the historical baseline data period and the GCM 
reference periods are basically the same. However, the average, 10

th
 percentile and 

90
th
 percentile values in the historical baseline period are lower than the GCM 

reference period. 

 The average, median and 10
th
 percentile pan evaporation values and median, 10

th
 

percentile and 90
th
 percentile evapotranspiration values for the historical baseline 

period are lower than the equivalent values for the GCM reference period. However, 
the 90

th
 percentile pan evaporation and average, median and 90

th
 percentile 

evapotranspiration values for the historical baseline period are higher than the 
equivalent values for the GCM reference period. This is most likely due to the higher 
rainfalls experienced in the GCM reference period when compared to the historical 
baseline period. 
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 The average, median, 10
th
 percentile and 90

th
 percentile solar radiation values in 

the historical baseline data period are a little higher than the equivalent values for 
the GCM reference period. 

 The average, median, 10
th
 percentile and 90

th
 percentile vapour pressures in the 

historical baseline data period are a little lower than the equivalent values for the 
GCM reference period. 

 

 

 

Figure 3.1 - SILO annual rainfall with baseline period 
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Table 3.1 – Historical (SILO) data statistics - 1889 to 2015 baseline period 

  Air Temp 

Max (°c) 

Air Temp 

Min (°c) 

Rainfall (mm/a) Class A Pan 

Evap (mm/a) 

Solar Radiation 

(MJ/m
2
) 

Vapour 

Pressure (hPa) 

Evapo-transpiration 

Morton’s Actual (mm/a) 

10
th
 Percentile 33.4 18.8 395 2,633 20.1 19.7 911 

Average 34.1 19.5 715 2,736 21.0 20.6 1,039 

50
th
 Percentile (median) 34.1 19.3 677 2,755 21.1 20.6 1,046 

90
th
 Percentile 34.7 20.8 1,040 2,830 22.0 21.4 1,165 

 

Table 3.2 – Historical (SILO) data statistics - 1986 to 2005 GCM reference period 

  Air Temp 

Max (°c) 

Air Temp 

Min (°c) 

Rainfall (mm/a) Class A Pan 

Evap (mm/a) 

Solar Radiation 

(MJ/m
2
) 

Vapour 

Pressure (hPa) 

Evapo-transpiration 

Morton’s Actual (mm/a) 

10
th
 Percentile 33.6 19.1 532 2,436 19.5 20.5 932 

Average 34.2 20.3 776 2,709 20.5 21.2 1,023 

50
th
 Percentile (median) 34.2 20.4 675 2,740 20.6 21.1 995 

90
th
 Percentile 35.1 21.2 1,109 2,920 21.4 22.2 1,143 

 

Table 3.3 – Percentage differences of the historical baseline period when compared with the GCM reference period – SILO Data set 

  Air Temp 

Max (°c) 

Air Temp 

Min (°c) 

Rainfall (mm/a) Class A Pan 

Evap (mm/a) 

Solar Radiation 

(MJ/m
2
) 

Vapour 

Pressure (hPa) 

Evapo-transpiration 

Morton’s Actual (mm/a) 

10
th
 Percentile  -0.5% -2.0% -34.6%  7.5%  3.3% -4.5% -2.3% 

Average  -0.4% -3.9% -8.5%  1.0%  2.5% -3.0%  1.5% 

50
th
 Percentile (median) -0.2% -5.4%  0.3%  0.6%  2.6% -2.3%  4.9% 

90
th
 Percentile  -1.2% -1.9% -6.6% -3.2%  2.9% -3.7%  1.9% 
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4 Assessment approach 

4.1 OVERVIEW 

The projections for the climate of the Monsoonal North shown in Table 2.2 consider 
simulated results from a wide range of climate change models. The projections have been 
viewed in the context of the confidence ratings that are provided, which consider a 
broader range of evidence than just the model results. 

Users from each technical field will identify climate change scenarios of particular 
relevance to their impact assessment, such as ‘best case’ and ‘worst’ case climate futures. 
In addition, the users will also identify a ‘maximum consensus’ climate change scenario in 
which most climate model results reside (CSIRO, 2015b). In other words, the users will 
identify a subset of three GCM models that can be used to represent their ‘worst’ case, 
‘best case’ and ‘maximum consensus’ climate futures. 

4.2 BASELINE DATA SET FOR THE EIS PROJECT 

The historical baseline data set (1889-2014 SILO dataset) will be used as the baseline data 
set for climate change impact assessment. Sensitivity analyses (as outlined in Section 4.3) 
can then be undertaken by rerunning models with same input data, modified to represent 
‘best’, ‘worst’ and ‘maximum consensus’ cases as appropriate for different user needs. 
The reasons for adopting the baseline data set are discussed below. 

DoE (2015) and CSIRO (2015a; 2015b) conclude that: 

 the projection of annual rainfall change is uncertain and there is high confidence 
that natural variability will remain the major driver of annual average rainfall in the 
short-term (2030) compared to the 1986 to 2005 GCM reference period. The level of 
confidence in projected rainfall for the long-term (2090) is low.  

 there is high confidence that potential evapotranspiration will increase in all 
seasons for both in the short-term (2030) and long-term (2090) time periods. 
However there is only medium confidence in the magnitude of the projected 
increases.  

 there is high confidence that the intensity of heavy rainfall events (for example, a 
5% (1 in 20) annual exceedance probability 1-day rainfall) will increase. The 
magnitude of change and the time when any change may be evident in addition to 
natural variability cannot be reliably projected. 

 the level of confidence associated with long-term projection for other climate 
variables such as solar radiation, relative humidity and soil moisture are low or 
medium. 

The comparison of the 1889 to 2015 historical baseline data set with the 1986 to 2005 GCM 
reference period data set shows that the differences between the median climate values 
in the historical baseline and GCM reference periods are similar to the differences in the 
median climate values between projected long-term (2090 RCP4.5 emissions scenario) and 
GCM reference period values. This includes the projected climate changes for the RCP4.5 
emissions scenario, which appears to represent the outcomes from the COP21 Paris 
Agreement. 
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4.3 ASSESSING CLIMATE CHANGE IMPACTS 

The EIS team members who have to quantify risks associated with climate change impacts 
may require appropriate data sets for their analyses. There are various approaches 
available for the creation of such data sets. The choice of approach however should be 
easy to adopt and commensurate with the intended application of that data, taking into 
account the degree of uncertainty associated with the dataset. The MRM OMP EIS project 
will adopt the ‘sensitivity analysis’ approach for the assessment of climate change 
impacts. 

Sensitivity analysis approach involves running a climate impact model with an observed 
climate dataset to establish a baseline level of risk, and then rerunning the model with the 
same input data, modified to represent ‘best’, ‘worst’ and ‘maximum consensus’ cases. 
This method maintains the relationship between climate variables that are dependent on 
other dependant and/or independent variables in the GCMs and ensures that spurious 
relationships between variables are not created that could understate and/or overstate 
the impacts. 

The EIS team members can then compare the historical baseline results with the climate 
change scenario assessed to determine how sensitive the design is to the scenario assessed 
and whether the potential impact is adverse, beneficial, or negligible for the design being 
considered. The EIS team members can then recommend whether or not further design is 
required to account for this climate scenario.  

This approach is effectively used to assess climate change impacts in the water resources 
and management sectors. This approach is also used in the MRM annual water balance 
modelling studies and is accepted by the Independent Monitor appointed by the Northern 
Territory government. 

For the purposes of assessing climate change impact for the project, it is proposed to use 
the following climate change projections: 

 During mine operations period (2018 to 2047) the sensitivity assessment is 
undertaken using the short-term climate change projections.  

 For the post operational period (2047 onwards) the sensitivity assessment is 
undertaken based on the long-term climate change projections.  

The adopted approach for assessing the potential risks associated with climate change 
impacts is considered consistent with the DoE and CSIRO recommendations for assessing 
climate change risk.  

4.4 EXAMPLE PROCEDURE FOR DETERMINING THE CLIMATE 

DATA FOR CLIMATE CHANGE SENSITIVITY ASSESSMENT 

4.4.1 General 

An example of how a sensitivity analysis will be undertaken to assess the potential risk of 
climate change impact on site surface water for (but not necessarily limited to) is given in 
this section. The example covers: 

 short term risks (2018 to 2047) for open pit inundation and mine water dam spills; 
and 

 long term risks (2047 onwards) for final open pit void water quality effects at SW11. 

4.4.2 Selection of variables for climate change sensitivity assessments 

For each EIS team member the variables used for their sensitivity assessment will depend 
on the critical climate parameter(s) for the design with respect to their discipline. For 
example, from a surface water perspective, it is expected that the designs will be most 
sensitive to changes in rainfall and evapotranspiration rates. The sensitive climate 
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variables for each discipline (e.g., groundwater, geochemistry, final cover design, etc.) 
will need to be selected by the relevant experts in the particular disciplines. 

4.4.3 Proposed method of quantifying climate variable range 

The projection builder tool provided in the Climate Change Australia website 
(http://www.climatechangeinaustralia.gov.au/) will be used to identify the ‘worst’ case, 
‘best’ case and ‘maximum consensus’ climate change scenarios by ranking the significance 
of each climate variable based on the users knowledge of design sensitivity. For example 
climate variables may be ranked as follows for assessing surface water impacts: 

1 Rainfall 
2 Evapotranspiration 
3 Solar radiation 
4 Humidity 
5 Wind speed 
6 Mean surface temperature 

4.4.4 Proposed sensitivity parameters 

Table 4.1 shows an example of the results for assessing climate change impacts on surface 
waters for the best, worst and maximum consensus cases. Table 4.2 and Table 4.3 show 
the RCP4.5 results from the projections builder for the short term (2030) and long-term 
(2090) climate projections respectively. The values in Table 4.2 and Table 4.3 will be 
adjusted to account for the difference between the historical baseline data set (1889 to 
2015) and the GCM reference data set (1986 to 2005) given in Table 3.3 (as shown in Table 
4.1).  

The level of detail considered for the assessment will depend on the EIS team member’s 
knowledge of the system and the tools available. For example, if the magnitude of the 
projected change is minor or negligible it may be appropriate to undertake a qualitative 
assessment of the potential impacts. If the magnitude of the projected change is 
significant or the potential impacts of the interrelated variables are difficult to determine, 
more detailed modelling may have to be undertaken to assess the impacts. 
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Table 4.1 Adopted climate change impact sensitivity analysis range example 

Case Annual rainfall Annual 
Evapotranspiration 

Comments 

Short-term assessment 

Best case -10.2 % minus –8.5 % 1 

= - 1.7 % 

1.5 % minus 1.5 % 1 

= 0.0 % 

Representative 

model: GFDL-ESM2M 

Consensus: Low 

Worst case 6.4 % minus -8.5 % 1 

= 14.9 % 

2.8 % minus 1.5 % 1 

= 1.3 % 

Representative 

model: MIROC5 

Consensus: Very low 

Maximum 

consensus 

0.2 % minus -8.5 % 1 

= 8.4 % 

4.4 % minus 1.5 % 1 

= 2.9 % 

Representative 

model: CanESM2 

Consensus: High 

Projection 

confidence (from 

Table 2.1) 

High confidence that 

natural climate variability 

will remain the major driver 

of annual mean rainfall 

changes by 2030 (20-year 

mean differences of +/- 10 

% annually). 

There is high confidence that 

potential evapotranspiration 

will increase in all seasons.  

 

However there is only medium 

confidence in the magnitude 

of the projected increases. 

 

Long-term assessment 

Best case 5.5 % minus –8.5 % 1 

=  14.0 % 

5.8 % minus 1.5 % 1 

= 4.3 % 

Representative 

model: GFDL-ESM2M 

Consensus: Very Low 

Worst case -7.1 % minus -8.5 % 1 

= 1.4 % 

2.8 % minus 1.5 % 1 

= 1.3 % 

Representative 

model: MIROC5 

Consensus: Low 

Maximum 

consensus 

2.7 % minus -8.5 % 1 

= 11.2 % 

8.5 % minus 1.5 % 1 

= 7.0 % 

Representative 

model: CanESM2 

Consensus: Moderate 

Projection 

confidence (from 

Table 2.1) 

There is generally low 
confidence in projected 
rainfall changes.  

 

The projected change is 

around -15 % to +10 % under 

RCP4.5 and around -25 % to 

+20 % under RCP8.5. There 

is an indication of a slight 

decline in spring (model 

range from around -45 to 

+30 % under RCP8.5). The 

magnitude of possible 

differences in spring and 

autumn is around +/-30 % 

under RCP4.5 and -45 to +30 

% under RCP8.5 

There is high confidence that 

potential evapotranspiration 

will increase in all seasons, 

with the largest absolute 

rates in summer by 2090. 

 

However, there is only 

medium confidence in the 

magnitude of these 

projections. 

 

1 [Climate Change percent difference in Table 4.2 or Table 4.3] minus [average percent difference in Table 3.3] 



 

wrmwater.com.au 0790-17-V2| 10 January 2017 | Page 19  

Table 4.2 Short-term climate projections builder example results (source: CSIRO, 
2015b) 
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Table 4.3 Long-term climate projections builder example results (source: CSIRO, 
2015b) 
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either express or implied that the actual conditions will conform exactly to the assessments 
contained in this document.  
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confidential information. The client agrees not to use, copy, disclose reproduce or make 
public this document, its contents, or the OKC proposal without the written consent of OKC. 

10. OKC accepts no responsibility whatsoever to any party, other than the client, for the use of 
this document or the information or assessments contained in this document.  Any use which 
a third party makes of this document or the information or assessments contained therein, or 
any reliance on or decisions made based on this document or the information or assessments 
contained therein, is the responsibility of that third party.  

11. No section or element of this document may be removed from this document, extracted, 
reproduced, electronically stored or transmitted in any form without the prior written 
permission of OKC. 
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1 INTRODUCTION 

This appendix summarises the soil-atmosphere numerical modelling program undertaken to 

support the McArthur River Mining (MRM) North Overburden Emplacement Facility (NOEF) 

environmental impact statement (EIS) development.   

1.1 Conceptual Model for NOEF Cover System Design 

A cover system that utilises both the ‘moisture store-and-release’ and ‘barrier’ concepts was 

identified as the most suitable cover system for the NOEF.  This is based on the operation 

receiving a distinct wet and dry season and being situated in a tropical environment.  The 

particular characteristics of these two cover system concepts are then manipulated to meet 

design criteria and objectives specific to the NOEF. 

The conceptual model for cover system performance for MRM is that reduction of the ingress of 

both oxygen and water are required to manage seepage from the NOEF (toe and/or basal 

seepage).  Reduction of water (discussed in terms of net percolation (NP) through the cover 

system) and reduction of gas flux (due to both diffusive and advective fluxes of oxygen into the 

NOEF) are the key performance attributes of the cover system. 

The presence of an underlying lower permeability compacted clay liner (CCL - a ‘barrier’ layer) 

beneath a growth medium layer aids in reducing NP to the underlying NOEF material.  The 

overlying growth medium (GM) layer provides for storage and release of infiltration for the majority 

of the time but the CCL is designed to limit NP when the overlying storage capacity is exceeded.   

The overlying GM layer not only supports vegetation, but also protects the integrity of the barrier 

layer from potential damage due to various site-specific physical, chemical, and biological 

processes (e.g. wet-dry cycling).  Rainfall is stored within the cover system (topsoil, growth 

medium and CCL) and gradually released back to the atmosphere through evaporation and 

transpiration (actual evapotranspiration; AET).  During periods of high (and more intense) rainfall 

the moisture store-and-release capacity is typically overwhelmed and the cover system (and 

landform) are designed to be ‘water shedding’ and therefore sheds excess water from the facility. 

1.1.1 Conceptual Model for Net Percolation 

A range of performance in terms of NP rates exists for a cover system, which is highly dependent 

on the climate regime.  The range of cover system performance for the NOEF is presented 

conceptually in terms of “Very Low” (VL), “Low” (L), “Moderate” (Mod), “High” (H), and “Very High” 

(VH) NP rates. 

Within a single climatic regime, the range of NP performance results from the influence of differing 

abilities of a cover system to evapotranspirate water and to promote runoff (and/or interflow) from 

the landform.  Comparing BoM rainfall and AET estimates (as presented in Section 3) indicates 

that for the MRM area an undisturbed site would have approximately 15 mm (2% of average 
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annual rainfall) available for NP (assuming runoff is nil on an areal scale).  Hence, for the MRM 

NOEF cover system: 

 “Very High” NP is classified as greater than 50% of average annual rainfall (% R),  

 “High” NP is between 15% R and 50% R,  

 “Moderate” NP is between 10% R and 15% R, 

 “Low” NP is between 5% R and 10% R, and 

 “Very Low” NP is less than 5% R. 

It must be noted that NP rates and resultant % R can be higher or lower for any given year.  For 

example, a high rainfall year (or, more specifically, a number of successive wetter than average 

climate years) may result in a high NP rate for the year, even for a site classified, on average, as 

having a very low NP rate. 

1.1.2 Conceptual Model for Oxygen Ingress 

A similar range of performance exists for O2 ingress, except O2 ingress is less challenging to limit 

in wetter environments where a tension-saturated layer is more easily maintained.  Given the 

MRM site and climate region, the conceptual model generally classifies O2 ingress as: 

 “Very High” at a rate over 100 mol O2/m
2
/year,  

 “High” between 100 and 50 mol O2/m
2
/year,  

 “Moderate” between 50 and 15 mol O2/m
2
/year,  

 “Low” between 15 and 5 mol O2/m
2
/year, and  

 “Very Low” is less than 5 mol O2/m
2
/year.   

However, it is fundamental to note that these rates must be tied to site-specific conditions in terms 

of the geochemical characteristics of the underlying waste material in order to properly 

characterise these ranges. 

1.2 Modelling Program Objectives 

The main objective within the modelling program was to examine the range of available cover 

system materials, cover system configuration, and layer thicknesses and determine their 

performance within the context of the conceptual model of performance presented above.  In 

pursuit of the main objective, the modelling program evaluated the function and performance of 

drainage layers within the cover system, the effect of surface vegetation on cover system 

performance, and the effect of climate change on performance. 
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1.3 Description of Modelling Software 

The latest version of SEEP/W, which is a component of GeoStudio 2016, Version 9.0.0.12374
1
, 

was used for the simulations completed for this project.  This latest version of SEEP/W has been 

upgraded so that the soil-plant-atmosphere model known as VADOSE/W is now a component of 

SEEP/W instead of a separate program.  Hence, SEEP/W can do more than simulate saturated 

and unsaturated movement of water and pore-water pressure distribution within porous materials 

such as soil and rock; it can also be used to predict pressure head (suction) profiles in the soil 

profile in response to climatic forcing (such as evapotranspiration) and lower boundary conditions 

(such as a water table).  A key feature of SEEP/W is the ability of the model to predict actual 

evaporation and transpiration based on potential evapotranspiration and predicted soil suction, as 

opposed to the user being required to input these surface flux boundary conditions.  The actual 

evapotranspiration rate is generally well below the potential rate during prolonged dry periods 

because the suction, or negative water pressure, in the soil profile increases as the surface 

desiccates. 

SEEP/W was used to conduct one and two-dimensional (1D and 2D) simulations of the potential 

cover systems for the NOEF.  1D scenarios were completed first for a majority of the simulated 

scenarios; however, 1D simulations also accounted for runoff and interflow.  Simulations such as 

determining the thickness required of a drainage layer were completed with 2D simulations. 

                                                      
1
 GEO-SLOPE International Ltd., 2016.  Online. http://www.geo-slope.com/  

http://www.geo-slope.com/
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2 CLIMATE 

A 125-year climate database for the location of the MRM site (16.45° S, 136.10° E) was 

developed based on historic data representative of site conditions from 1 May, 1889 to 30 April, 

2015 (using a SILO data drill
2
).  Potential evaporation (PE) data was provided in the SILO data 

drill, and estimated using the Food and Agriculture Organization (FAO) of the United Nations’ 

method; referred to as FAO56
3
. Areal actual evapotranspiration data (AET) for each month were 

estimated based on gridded datasets also provided on the Bureau of Meteorology (BoM) website.  

Table E2.1 provides the monthly average climate conditions for the site based on the database. 

The 125-year climate database was looped into a 1,000-year climate database for modelling 

predictions. 

 

Table E2.1: Monthly and annual climate averages 

Month Temperature (°C) Relative Humidity (%) Rainfall PE AET* 

 Max Min 9 AM 3 PM (mm) (mm) (mm) 

January 35.8 24.8 90.0 49.0 188 173 118 

February 35.0 24.5 92.7 52.0 172 147 104 

March 34.7 23.2 92.6 49.6 141 159 104 

April 34.2 20.3 87.2 40.1 32 155 44 

May 31.9 16.5 82.6 33.7 7 144 22 

June 29.4 12.7 82.5 30.8 5 126 17 

July 29.3 12.0 81.0 28.9 1 136 16 

August 31.6 13.5 80.6 27.8 0 160 16 

September 34.6 16.9 82.0 29.7 3 181 30 

October 37.2 20.9 80.7 32.2 14 209 60 

November 38.1 23.9 80.5 36.3 42 204 74 

December 37.5 24.9 85.9 42.8 109 195 95 

Annual 34.1 19.5 84.8 37.7 715 1989 700 

*AET from BOM website which estimates regional evapotranspitation rates; will vary based on cover system performance. 

Figure E2.1 provides the cumulative deviation from the mean annual rainfall, and shows the site 

has experienced extended periods of drying, but is currently in an extended wetting period 

(although not included in the graph, the 2015 model year was also wetter than average with 800 

mm of rainfall). 

                                                      
2
 State of Queensland (Department of Science, Information Technology and Innovation), 2015.  SILO Climate Data.  

Online. www.longpaddock.qld.gov.au/silo/index.html  
3
 FAO 1998. Crop Evapotranspiration – Guidelines for computing crop water requirements. Food and Agriculture 

Organization of the United Nations (FAO). Irrigation and drainage paper 56. 

http://www.longpaddock.qld.gov.au/silo/index.html
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Figure E2.1: Annual rainfall and cumulative deviation from the mean rainfall for MRM 

2.1 Climate Change 

Climate change projections for MRM were developed based on the principles presented in WRM 

(2016).  Predictions are for the climate at MRM to have a 1°C to 5°C increase in temperature and 

potentially a decrease in rainfall over the next century (there is low confidence in projected rainfall 

changes).  The 1,000-year MRM climate database was adjusted based on the principles in the 

WRM (2016) report for sensitivity simulations evaluating the effect of climate change on cover 

system performance. 



Glencore - McArthur River Mining Pty Ltd 
Appendix E, Detailed Cover System Modelling Results 9 

O’Kane Consultants 9 December 2016 
750/15-01 - Appendix E 

3 MODEL INPUTS 

3.1 Materials 

Numerous materials have been classified, either on lithology or geochemical basis, for the NOEF.  

These materials can be placed in two general groups: 

 Waste rock; and  

 Alluvium and Topsoil. 

Refer to Appendix C Material Properties for Cover System and Landform Construction section 

2.1.1.3 and 2.1.2.3.   
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4 RESULTS 

The objective of the numerical modelling program was to examine a range of cover system 

alternatives available to MRM for use on the NOEF landform and define the anticipated 

performance based on the conceptual performance ranges.  The program evaluated several 

breccia and alluvium growth medium materials varying both the texture and thickness of the 

growth medium layer, the texture, in situ compacted density and thickness of a CCL, and the 

presence of a coarse drainage layer overlying the CCL.  Due to the large number of alternatives 

examined a 10-year subset of the 125-year climate database was used.  The 10-year period 

featured above and below average rainfall years, but the 10-year average annual value was 708 

mm, approximately equal to the 125-year long-term average value. 

Table E4.1 presents the results of the numerical modelling program.  The results of the first 

simulations indicated that the in-place density of the CCL material strongly influenced the 

performance of the cover system.  Lower in-place density, which would result in a higher in situ 

saturated hydraulic conductivity, resulted in higher net percolation.  As a result the majority of 

simulations were completed assuming a highly compacted CCL at approximately 1,900 kg/m
3
.  

The type of growth medium, the in-place density of the growth medium, and the thickness of the 

growth medium had a lesser effect on the predicted NP performance of the cover system.  The 

layering of the growth medium has more influence on the protection of the CCL layer and the 

emergence and sustainability of vegetation than cover system performance that is controlled by 

the CCL layer.  
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Table E4.1: Water balance results of the soil-atmosphere modelling program. 

Growth Medium 
Material 

Growth 
Medium 

Thickness 
(m) 

Growth 
Medium 
Density 
(kg/m

3
) 

Drainage 
Layer? 

CCL
1
 

Material 
Density 
(kg/m

3
) 

Rainfall 
(mm) 

Runoff 
(mm) 

Actual 
Evaporation 

(mm) 

Infiltration  
(mm) 

Storage 
(mm) 

Interflow 
(mm) 

Net 
Percolation 

(mm) 

Alluvium Clay 2.0 1500 No 1900 708 99 531 77 8 0 69 

Alluvium Clay 2.0 1500/1700
2
 No 1900 708 153 511 44 0 0 44 

Alluvium Clay 2.0 1500 No 1700 708 44 517 147 8 0 139 

Alluvium Clay 2.0 1500 No 1500 708 36 516 156 14 0 142 

Alluvium Clay 1.5 1500 No 1900 708 125 529 53 1 0 52 

Alluvium Clay 1.0 1500 No 1900 708 174 505 29 -5 0 34 

Alluvium Clay 1.0 1500 0.5 m Coarse 1900 708 35 513 159 -4 124 39 

Alluvium Clay 1.5 1500 0.5 m Coarse 1900 708 35 504 168 5 105 58 

Alluvium Clay 1.5 1500 0.5 m Coarse 1700 708 35 490 182 0 63 119 

Alluvium Sandy Clay 2.0 1500 No 1900 708 69 564 74 7 0 67 

Alluvium Sandy Clay 1.5 1700 0.5 m Coarse 1900 708 6 529 173 2 119 52 

Alluvium Sand 2.0 1500 No 1900 708 95 486 127 17 0 111 

Alluvium Sand 1.5 1500 0.5 m Coarse 1900 708 0 378 329 9 236 84 

Alluvium Cobbles & 
Gravel 

2.0 1700 No 1900 708 136 464 107 25 0 82 
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Table E4.1 cont’d: Water balance results of the soil-atmosphere modelling program. 

Growth Medium 
Material 

Growth 
Medium 

Thickness 
(m) 

Growth 
Medium 
Density 
(kg/m

3
) 

Drainage 
Layer? 

CCL
1
 

Material 
Density 
(kg/m

3
) 

Rainfall 
(mm) 

Runoff 
(mm) 

Actual 
Evaporation 

(mm) 

Infiltration  
(mm) 

Storage 
(mm) 

Interflow 
(mm) 

Net 
Percolation 

(mm) 

Alluvium Cobbles & 
Gravel 

1.5 1700 0.5 m Coarse 1900 708 22 332 353 11 245 98 

Breccia Intermediate 1.5 1700 
0.5 m 

Intermediate 
1900 708 2 399 306 7 240 60 

Breccia Intermediate 1.5 1700 
0.5 m 

Intermediate 
1700 708 1 358 348 4 169 175 

Breccia Intermediate 1.0 1700 
0.5 m 

Intermediate 
1900 708 1 398 308 7 256 45 

Breccia Intermediate 1.5 1900 
0.5 m 

Intermediate 
1900 708 1 372 335 9 258 68 

Breccia Finer 1.5 1700 
0.5 m 

Intermediate 
1900 708 6 393 308 12 236 61 

Breccia Coarser 1.5 1900 
0.5 m 

Coarser 
1900 708 1 211 496 7 417 71 

1
 Alluvium clay was used in the CCL in all simulations 

2
 This simulation has two – 1 m layers of alluvium clay placed at different densities 
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4.1 CCL Thickness Sensitivity 

4.1.1 CCL Thickness Design 

The CCL thickness required to maintain adequate functionality of the cover system was examined 

in this numerical modelling program.  In this case, maintaining functionality was assumed to be 

maintenance of the same net percolation and oxygen ingress performance (based on the defined 

conceptual rates).  The performance of the cover system based on the 0.6 m CCL thickness from 

the Phase 3 EIS was compared to 0.5 m and 0.4 m CCL layers.  Alluvium (1.5 m alluvium, 0.5 m 

coarse breccia drainage layer, and 0.5 m CCL) and breccia (2.0 m breccia, 0.5 m CCL) cover 

systems were evaluated.   

Table E4.2: Water balance results of 10-year SPA modelling for CCL thickness sensitivity. 

Scenario 
Rainfall 

(mm) 
Runoff 
(mm) 

Actual Evaporation 
(mm) 

Infiltration  
(mm) 

Storage 
(mm) 

Interflow 
(mm) 

Net 
Percolation 

(mm) 

Breccia 
0.4 m CCL 

708 1 401 305 6 232 67 

Breccia  
0.5 m CCL 

708 2 399 306 7 240 60 

Breccia 
0.6 m CCL 

708 1 402 304 7 244 53 

Alluvium 
0.4 m CCL 

708 6 526 175 2 115 58 

Alluvium  
0.5 m CCL 

708 6 529 173 2 119 52 

Alluvium 
0.6 m CCL 

708 6 530 172 3 121 48 

4.1.1.1 Analytical Evaluation of Performance 

Giroud et al. (2000) developed an analytical model of leachate movement in landfill systems due 

to percolation through low permeability liner systems.  This approach was used to evaluate the 

anticipated flow through the CCL based on alteration of its thickness.  The model assumes steady 

state conditions making it challenging to evaluate the NOEF cover system that has distinctly 

different conditions during the year due to seasonality.  The analytical model compared the 

predicted net percolation through the CCL under high infiltration conditions (a five day peak 

infiltration period) and using the average annual infiltration rate defined in previous numerical 

simulations.  These two rates represent the extent of the anticipated performance, with actual 

performance expected to fall in between.   

Table E4.3 presents the increase in predicted net percolation for the varying cover system 

configuration.  The magnitude of the values provide the extents of the anticipated performance 

and are less important than the anticipated change in performance due to the decrease in CCL 

thickness.  For the alluvium cover system, the analysis predicts NP will increase between 1% and 
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15% if the CCL is decreased from 0.6 m to 0.5 m.  The values provided represent percentages 

relative to the base case 0.6 m NP value, not relative to average annual rainfall as is often utilized 

in the numerical modelling program. 

Table E4.3: Results of the analytical model. 

Cover System 
Performance 
(0.6 m CCL) 

Performance (0.5 m CCL) Performance (0.4 m CCL) 

 
Estimated 

NP 
Estimated 
NP (mm) 

% Increase 
Estimated 
NP (mm) 

% Increase 

Alluvium – High 
Infiltration Condition 

126 145 15% 175 38% 

Alluvium – Average 
Infiltration Condition 

33 34 3% 34 3% 

Breccia 2.5H:1V – High 
Infiltration Condition 

37 38 3% 40 8% 

Breccia 2.5H:1V – 
Average Infiltration 

Condition 
32 32 0% 32 0% 

Breccia 3.5H:1V – High 
Infiltration Condition 

49 53 8% 58 18% 

Breccia 3.5H:1V – 
Average Infiltration 

Condition 
32 32 0% 32 0% 

Breccia 4.5H:1V – High 
Infiltration Condition 

49 52 6% 58 18% 

Breccia 4.5H:1V – 
Average Infiltration 

Condition 
32 32 0% 32 0% 

A sample calculation is provided to aid in interpreting Table E4.3 values.  The predicted average 

annual net percolation for the alluvium cover system was 42 mm or 5.9% of rainfall.  Based on the 

conceptual cover system performance ranges, the cover system was classified as Low (5 to 

10%).  Based on the values provided in Table E4.3, net percolation for the alluvium cover system 

with a 0.5 m CCL is expected to range from 42 to 48 mm (6 to 7%).  The performance of the 

same cover system with a 0.4 m CCL is expected to range from 43 to 57 mm (6 to 8%).  

Decreasing the CCL thickness results in small increases in predicted net percolation and no 

change in functionality as it maintains a Low classification.  The following equations from Giroud 

et. al. (2000) were used in determining net percolation through the CCL. 

𝑡𝑚𝑎𝑥 =
𝑞ℎ𝐿

𝑘𝑑 sin 𝛽
 

Where tmax is the maximum liquid thickness on the CCL, qh is the infiltration rate, β is the angle of 

the slope, and kd is the hydraulic conductivity of the drainage material.  Based on the maximum 

liquid thickness of the CCL, net percolation can then be estimated using Darcy’s Law: 

𝑃𝑚𝑎𝑥 =
𝑘𝐶𝐶𝐿(𝑡𝑚𝑎𝑥 + 𝑡𝐶𝐶𝐿)

𝑡𝐶𝐶𝐿
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Where Pmax is the the net percolation, kCCL is the hydraulic conductivity of the CCL and tCCL is the 

thickness of the CCL  In the case of the alluvium cover system with a 0.5 m CCL and average 

infiltration conditions tmax was calculated as follows: 

𝑡𝑚𝑎𝑥 =
4.8 × 10−4 (𝑚3

𝑑𝑎𝑦⁄ ) 440(𝑚)

3.5 × 10−3(𝑚
𝑠𝑒𝑐⁄ ) sin(1.3°)

= 0.03𝑚 

 

𝑃𝑚𝑎𝑥 =
1 × 10−9(𝑚

𝑠𝑒𝑐⁄ )(0.03 𝑚 + 0.5 𝑚)

0.5𝑚
= 33.5 𝑚𝑚

𝑦𝑒𝑎𝑟⁄  

 

4.1.1.2 Numerical Evaluation of Performance 

Numerical simulations were completed for a 10-year period of the 125-year climate period to 

evaluate change in performance with change in CCL thickness.  The simulations examined both 

net percolation performance and oxygen ingress performance (maintenance of a high degree of 

saturation).  Figure E4.1 presents the predicted net percolation correlated to CCL thickness. 

 

Figure E4.1: Predicted net percolation compared to CCL thickness. 

The simulations showed similar increases to net percolation as predicted by the analytical model.  

Predicted net percolation increased to 7.4% and 8.4% for the alluvium and breccia cover systems, 
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respectively, when the CCL was decreased to 0.5 m.  Each of the cover systems evaluated 

maintained sufficient degree of saturation within the CCL to effectively limit oxygen ingress as 

well.   

4.2 Long-Term Modelling 

Long-term simulations were completed for the base case alluvium (1.5 m alluvium, 0.5 m breccia 

drainage, and 0.5 m CCL) and breccia (2.0 m breccia, 0.5 m CCL) cover systems.  The results 

are summarised in Table E4.4 and Figures E4.2 and E4.3.   

Table E4.4: Water balance results of 125-year long term SPA modelling for base case cover 
systems. 

Cover System 
Rainfall 

(mm) 
Runoff 
(mm) 

Actual Evaporation 
(mm) 

Interflow 
(mm) 

Net Percolation 
(mm) 

Base Case Alluvium 
(Sand Clay) 

715 15 537 121 42 

Base Case Breccia 715 6 387 290 32 

Figure E4.2: Net percolation through the base case alluvium cover system over the 125-year 
modelled period. 
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Figure E4.3: Net percolation through the base case breccia cover system over the 125-year 
modelled period. 

The ability of the CCL within the cover systems to maintain a high degree of saturation was 

evaluated within a 10-year subset of the 125 year climate database.  The degree of saturation 

remained above 85% for the entire 10-year simulation for both the alluvium and breccia cover 

systems.   
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Figure E4.4: Degree of saturation over the 10-year modelled period for the alluvium base case 
cover system. 

 

Figure E4.5: Degree of saturation over the 10-year modelled period for the alluvium base case 
breccia cover system.   
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4.3 Vegetation Sensitivity 

The majority of simulations were completed with a bare surface (i.e. no vegetation) condition at 

surface.  Sensitivity simulations were completed to examine the effect of adding vegetation at the 

surface to the predicted performance of the cover system.  Simple vegetation inputs were added 

to the cover system surface for the simulation including a 75 cm root depth, a ranging leaf area 

index (LAI) from 0.2, 0.7 to 1.6.  These LAI roughly correspond to surface coverages of 10%, 

30%, and 60%, respectively.  The plant limiting function is shown in Figure E4.6.   

Figure E4.6: Plant moisture limiting function used in vegetation models. 

Table E4.5: Water balance results of 10-year SPA modelling for vegetation sensitivity on alluvium 
base case cover system 

Alluvium Base 
Case 

Vegetation 
Scenarios 

Rainfall 
(mm) 

Runoff 
(mm) 

AET 
(mm) 

Infiltration 
(mm) 

Storage 
(mm) 

Interflow 
(mm) 

Net 
Percolation 

(mm) 

LAI = 0.7 708 5 318 385 2 27 36 

LAI = 1.6 708 4 174 529 1 4 24 

Base Case 
(LAI = 0) 

708 6 529 173 2 119 52 
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Figure E4.7: Results of alluvium cover system with ranging leaf area index or surface coverage. 

4.4 Climate Change Sensitivity 

Table E4.6: Water balance results of 10-year SPA modelling for climate change sensitivity. 

Scenario 
Rainfall 

(mm) 

Potential 
Evaporation 

(mm) 

AET 
(mm) 

Runoff 
(mm) 

Net 
Percola

tion 
(mm) 

Net 
Percolati

on 
(% of 

Rainfall) 

Breccia 
Base Case 
(1986-2005) 

780 1961 392 7 43 5.5% 

Short-Term 
Climate 
Change 

Adjustment 

756 2051 395 9 6 0.7% 

Long-Term 
Climate 
Change 

Adjustment 

771 2052 402 6 9 1.2% 

  



Glencore - McArthur River Mining Pty Ltd 
Appendix E, Detailed Cover System Modelling Results 21 

O’Kane Consultants 9 December 2016 
750/15-01 - Appendix E 

4.5 Lateral Drainage Capacity 

Sufficient lateral drainage capacity is required to address two key aspects of cover system 

performance; namely, i) veneer geotechnical instability, which can result if pore-water pressures 

increase in the GM layer as water is transported downslope over the CCL layer and within the 

overlying layer (be it a GM layer or a coarser-textured drainage layer); and ii) this same transport 

of water and pore-water pressure increase can result in breakthrough of NP downslope, thus 

increasing NP rates further down the slope. 

A 2D modelling effort was undertaken to evaluate the lateral drainage capacity of a 0.5 m breccia 

drainage layer, which could be a component of either the alluvium or breccia cover systems.  The 

model was developed to apply a 1:1,000 year, 6-hour storm event that would result in ~264 mm of 

rainfall to the compound slope of the landform.  Figure E4.8 shows the general 2D geometry used 

for the analysis. The simulated cover system consisted of a 1.5 m layer of sand-textured Alluvium 

at a simulated dry density of 1.7 t/m
3
 overlying a 0.5 m layer of intermediate-textured Breccia 

simulated at a dry density of 1.7 t/m
3
.  Sand-textured alluvium was chosen for the simulation as 

this material would result in a high amount of infiltration to the drainage layer; hence, evaluating 

the need to provide a high amount of lateral divergence 

 

Figure E4.8 2D model geometry for evaluating the drainage capacity of a 0.5 m thick breccia 
drainage layer. 

The simplified water balance for both cover systems during the seven-day period surrounding the 

storm event modelled is summarised in Table E4.8.  The model was simulated for a bare surface 

condition (i.e. no vegetation).   
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Table E4.8: Simplified seven-day water balance resulting from the modelled storm event. 

Water Balance Parameter 
Breccia Cover 

System 
(mm per lineal m) 

Precipitation  
(Extreme Storm) 

264 

Runoff 0 

Lateral Flow 257 

AET 2 

Change in Storage 5 

The breccia cover system has sufficient capacity to accommodate lateral flow developed from the 

extreme storm event.  The breccia cover system has some areas along the slope at the 

intersection of slope segments where the saturated thickness increases above 0.5 m; however, 

due to the coarse nature of the breccia, it is not expected to substantially effect stability.  
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DISCLAIMER 
 

This document has been provided by O'Kane Consultants Pty Ltd (OKC) subject to the following 
limitations:  
1. This document has been prepared for the client and for the particular purpose outlined in the 

OKC proposal and no responsibility is accepted for the use of this document, in whole or in 
part, in any other contexts or for any other purposes.  

2. The scope and the period of operation of the OKC services are described in the OKC 
proposal and are subject to certain restrictions and limitations set out in the OKC proposal. 

3. OKC did not perform a complete assessment of all possible conditions or circumstances that 
may exist at the site referred to in the OKC proposal. If a service is not expressly indicated, 
the client should not assume it has been provided. If a matter is not addressed, the client 
should not assume that any determination has been made by OKC in regards to that matter.  

4. Variations in conditions may occur between investigatory locations, and there may be special 
conditions pertaining to the site which have not been revealed by the investigation, or 
information provided by the client or a third party and which have not therefore been taken 
into account in this document.. 

5. The passage of time will affect the information and assessment provided in this document. 
The opinions expressed in this document are based on information that existed at the time of 
the production of this document.  

6. The investigations undertaken and services provided by OKC allowed OKC to form no more 
than an opinion of the actual conditions of the site at the time the site referred to in the OKC 
proposal was visited and the proposal developed and those investigations and services 
cannot be used to assess the effect of any subsequent changes in the conditions at the site, 
or its surroundings, or any subsequent changes in the relevant laws or regulations.  

7. The assessments made in this document are based on the conditions indicated from 
published sources and the investigation and information provided. No warranty is included, 
either express or implied that the actual conditions will conform exactly to the assessments 
contained in this document.  

8. Where data supplied by the client or third parties, including previous site investigation data, 
has been used, it has been assumed that the information is correct. No responsibility is 
accepted by OKC for the completeness or accuracy of the data supplied by the client or third 
parties.  

9. This document is provided solely for use by the client and must be considered to be 
confidential information. The client agrees not to use, copy, disclose reproduce or make 
public this document, its contents, or the OKC proposal without the written consent of OKC. 

10. OKC accepts no responsibility whatsoever to any party, other than the client, for the use of 
this document or the information or assessments contained in this document.  Any use which 
a third party makes of this document or the information or assessments contained therein, or 
any reliance on or decisions made based on this document or the information or assessments 
contained therein, is the responsibility of that third party.  

11. No section or element of this document may be removed from this document, extracted, 
reproduced, electronically stored or transmitted in any form without the prior written 
permission of OKC. 
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1 INTRODUCTION 

O’Kane Consultants Pty Ltd. (OKC) was retained by McArthur River Mine (MRM) to assist with 

long-term closure planning of the North Overburden Emplacement Facility (NOEF).  Conceptual 

models developed during a March 2016 workshop, summarised in OKC (2016), were subject to a 

comprehensive risk assessment.  The risk assessment included a failure modes and effects 

analysis (FMEA) workshop conducted by MRM and facilitated by OKC in May 2016.  This report 

reassesses five cover systems failure modes evaluated during the May workshop and assesses 

two additional failure modes.  The cover system FMEA is based on the assessment of the base 

case cover system design which consists of a compacted clay layer (CCL) overlain by ‘Alluvium’ 

on the plateau, and Breccia on the slopes.  Table F1.1 summarises the components of the base 

case cover systems.   

Table F1.1: Base case cover systems 

Base Case 
Cover System 

Growth Medium Drainage Layer CCL 

Alluvium 1.5 m alluvium 0.5 m breccia 0.5 m alluvium 

Breccia 2.0 m breccia  0.5 m alluvium 

1.1 Purpose and Approach 

The purpose of this report is to re-visit the cover system FMEA’s that were completed during the 

May 2016 workshop (workshop).  This includes an assessment of new information and analyses 

available at the time of this report to reassess the likelihood of occurrence and risk rating of the 

failure mode and mitigation factors.  Recommendations are provided for when and how the failure 

mode is managed.  The level of confidence in the FMEA assessment was determined following 

completion of the work.   

The risk rating of a failure mode is based on the likelihood, or expected frequency of failures, and 

severity of the expected consequences if such events were to occur.  Any changes in the risk 

rating documented within this report were attributed to changes in the likelihood of an event as the 

severity of the consequence was not re-evaluated.  Changes to the consequence evaluation 

would require a change to the conceptual model.  For example, if the consequence of a fire is 

Major due to loss of life, the rating could only be changed if the structure/area was uninhabited 

and hence a change to the conceptual model.  

1.2 Project Objectives and Scope 

The objectives of this project are to address the failure modes and risks to the NOEF cover 

system identified during the workshop, as outlined in Garneau (2016).  The scope of this project 

involved completion of the following tasks: 

 Reassess potential risk of rock impact reducing effective thickness of the CCL; 

 Reassess potential risk of chemical attack to the CCL; 
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 Reassess potential risk of linear shrinkage of the CCL; 

 Assess potential risk of elevated temperatures to the CCL clay mineralogy; 

 Assess potential risk of gas venting to the CCL; 

 Reassess the risk of erosion of the CCL by internal lateral drainage; 

 Reassess the risk of wind shear drying to the CCL; 

 Reassess the operational life of a geosynthetic hydraulic barrier; and 

 Reassess the potential risk from differential settlement to the cover system low 

permeability layer. 

1.3 Report Organisation 

For reference, this report has been subdivided into the following sections: 

 Section 1 – Introduction 

 Section 2 – provides background information for completing and assessing a failure mode 

within an FMEA; 

 Section 3 – provides a summary of the cover system failure modes assessed during the 

workshop and presents review of information and work completed to address the each 

failure mode; and 

 Section 4 – provides a reassessment of each cover system failure mode based on 

outcomes from the information reviewed and work completed in Section 3.   

Tables and figures referenced hereinafter are located in the main body of this document. 
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2 FRAMEWORK FOR RISK EVALUATION OF FMEA 

This section defines the framework for risk evaluation during the May 2016 FMEA workshop 

(workshop), in terms of timeframe, likelihood, and consequences, the risk matrix, and conducting 

the FMEA. 

2.1 Risk Definitions 

An FMEA is a methodology for assessment of risk, which is a combination of likelihood and 

consequences of failure.  The goal is to provide a useful analysis technique that can be used to 

assess the potential for, or likelihood of, failure of structures, equipment or processes.  The 

analysis technique evaluates the effects, including human health and safety, of such failures on 

the larger systems of which they form a part, and on the surrounding ecosystems.  For the 

purposes of this document, failure is defined as any component of the NOEF closure plan that 

does not meet performance expectations and/or a specific closure objective (or objectives). 

The term 'risk' encompasses both the concepts of likelihood of failure, or expected frequency of 

failures, and ‘severity of the expected consequences' if such events were to occur.  It is an 

imprecise art because predictive risk assessment involves foreseeing the future.  There is a 

difference between risk of a failure and uncertainty in the estimate of that risk.  There are also 

separate uncertainties associated with both expected frequency and expected consequences. 

A risk matrix combines the likelihood of occurrence with the severity of effects for each of the 

failure modes and assigns a risk level (ranging from low to critical) to it (Figure F2.1).  The ‘High’ 

and ‘Critical’ risk levels should be viewed as unacceptable and steps taken to reduce these risk.  

The ‘Moderate’ and ‘Moderately High’ levels are acceptable if they are ‘As Low as Reasonably 

Practical’ (ALARP).  For a risk to be ALARP it must be possible to demonstrate that the cost 

involved in reducing the risk further would be grossly disproportionate to the benefit gained.  The 

‘Low’ risk designation is broadly acceptable. 
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Figure F2.1: Risk matrix defined for the workshop. 

2.2 Timeframe Definition 

A timeframe documented below was agreed upon during the workshop over which the likelihood 

will be evaluated (illustrated in Figure F2.2).  The risk assessment was completed using a “short 

term” and “long term” time frame and is defined as follows: 

 Short term: 0-100 years, which includes: 

o Planning and execution (operation) ~20-30 years; 

o Adaptive management ~ 70-80 years; 

 Where plans must be to be developed as part of the EIS project to 

ensure “true adaptive management” is implemented, rather than simply 

“monitoring and reacting”; 

 Further modelling and evaluation as part of the EIS project, as well as 

consultation with State regulatory agencies, is used to better define the 

appropriate adaptive management timeframe; and 

 Demonstration of a trajectory for performance, as per modelling 

conducted as part of the EIS project. 

 Long term: 100-1000 years, which includes: 
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o Proactive monitoring (timeframe to be determined through numerical modelling as 

part of the EIS project); 

 To continue illustrating that performance is on the appropriate trajectory; 

 But with a reduced frequency as compared to the adaptive management 

phase; and 

 The timeframe to be determined through numerical modelling as part of 

the EIS project. 

o Reactive monitoring (timeframe to be determined as part of additional risk 

assessment); 

 Where relinquishment or custodial transfer can be achieved because 

there is well defined risk that can be appropriately managed and costed. 

 

Figure F2.2: Timeframe defined in the workshop. 

2.3 Likelihood Definition 

A quantitative likelihood approach (see Table F2.1) was used for the FMEA workshop approach 

for risk evaluation, with the actual chance of occurrence being dependent on the time frame being 

evaluated (i.e. short term or long term).  The likelihood of a failure for the cover system FMEAs 

were evaluated using the long-term assessment period.  However, mitigation measured for such 

failure modes would occur in the planning and executions stage (0 to 100 years).   
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Table F2.1: Likelihood of occurrence for environmental and public concern consequences over 
the given assessment period. 

Likelihood Class 

Timeframe: 
Short Term: Planning, Operations, and Adaptive Management 
Long Term: Proactive and Reactive 

Quantitative Qualitative 

Not Likely (NL) < 0.1% chance of occurrence 
Conceivable but only at extreme 

circumstances 

Low (L) 0.1 - 1% chance of occurrence Has not happened but could happen 

Moderate (M) 1 - 10% chance of occurrence 
Could happen and has happened 

elsewhere 

High (H) 10 - 50% chance of occurrence Could easily happen 

Expected (E) > 50% chance of occurrence Happens often 

2.4 Consequences / Severity of Effects Definitions 

The assessment of the severity of effects (or consequences) of specific failure modes was based 

on an evaluation, or analysis, of expected responses following failure.  Adverse effects may have 

physical, biological, and/or health and safety consequences.  The estimate of consequences is 

based on a professional judgement of the anticipated impact of that failure, with the chosen 

ranking based on consensus of the workshop participants as a whole.  Criteria pertaining to 

assessment of severity of consequences specific to the McArthur River mine were identified 

during the workshop (Table F2.3).  Criteria were agreed upon by the FMEA participants at the 

beginning of the workshop following a review of the July 2015 FMEA workshop consequence 

definitions, as well as comparison to Glencore corporate risk evaluation documentation. 

2.5 Level of Confidence Definition 

For each failure mode (and effects and pathway), workshop participants developed consensus on 

the level of confidence for the risk ranking determined.  This level of confidence varied based on 

the knowns and unknowns at the site and the failure mechanism.  The level of confidence of 

participants for each evaluation was identified and documented using the designations described 

in Table F2.2. 

Table F2.2: Levels of confidence designated by workshop participants. 

Confidence Description 

Low (L) Do not have confidence in the estimate or ability to control during implementation. 

Medium (M) 
Have some confidence in the estimate or ability to control during implementation, 

conceptual level analyses. 

High (H) 
Have lots of confidence in the estimate or ability to control during implementation, 

detailed analyses following a high standard of care. 
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Table F2.3: Severity of effects as agreed to at the outset of the workshop. 

Consequence 
Categories Low Minor Moderate Major Catastrophic 

Environmental Impact 
(air emissions, dust, water 

quality, and its adverse 
effects on human health, 

chronic and acute) 

No observable effect Minor localised or short-term 
effects 

6-12 months, or within 
domain 

Deleterious effect on valued 
ecosystem component. 

1-5 years, or within mine 
lease 

Extensive deleterious effect 
on valued ecosystem 
component with medium-term 
impairment of ecosystem 
function. 

5-20 years (LOM) 

Off mine lease, downstream 
catchment 

Serious long-term impairment 
of ecosystem function 

Off lease 

Regulatory Compliance and 
Approval 

No non-compliance but lack 
of conformance with 
department policy 
requirement. 

Order of direction issued for 
additional information 

Provide information on 
investigation. 

Technical/ administrative 
non-compliance with permit, 
approval or regulatory 
requirement. 

Order of direction issued for 
additional information. 

Minor non-conformance with 
approved Mining 
Management Plan. 

Breach of regulations, 
permits, or approval 
(e.g. 1 day violation of 
discharge limits). 

Order or direction issued for 
action. 

Moderate non-conformance 
with approved Mining 
Management Plan. 

Substantive breach of 
multiple agencies regulations, 
permits, or approvals (e.g. 
multi-day violation of 
discharge limits). 

Temporary Cessation of 
Operations. 

Major non-conformance with 
approved Mining 
Management Plan and 
Environmental Approval. 

Major breach of regulation; 
willful violation. 

Permanent cessation of 
Operations. 

Consequence Costs 

<$1M $1M-$10M $10M-$50M 

Example: 
Partial re-work of cover 
systems; 10%. 

$50M-$100M 

Example 
Partial re-work of cover 
systems; 20-50% 
Required water treatment 
(new plant) 

>$100M 

Example: 
Major failure of NOEF, TSF, 
open pit, tailings down river, 
pit water goes acid 

Community 
and 

Stakeholders 

Local concerns, but no local 
complaints or adverse press 
coverage. 

Public concern restricted to 
local complaints or local 
adverse press coverage. 

Heightened concern by local 
community, criticism by 
NGOs or adverse local/ 
regional media attention. 

Wide-spread adverse 
national public, NGO, or 
media attention. 

Serious public outcry/ 
demonstrations or adverse 
international NGO attention 
or media coverage. 

Safety 

Low-level short-term 
subjective symptoms. 

No measurable physical 
effect. 

No medical treatment. 

Reversible 
disability/impairment and/or 
medical treatment. 

Injuries requiring 
hospitalization. 

Moderate irreversible 
disability or impairment to 
one or more people. 

Single fatality and/or severe 
irreversible disability or 
impairment to one or more 
people. 

Multiple fatalities. 
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3 INFORMATION REVIEW AND ANALYSIS COMPLETED 

Nine cover system failure modes were identified in the workshop with seven of them being rated.  

Of the seven failure modes that were rated four had a low (L) risk rating and the other three were 

moderate (Mo).  The occurrence of the respective failure modes was low (L) to not likely (NL).  

The highest rated individual consequence in the assessment was moderate (Mo).  The 

confidence level was high for three of the failure modes and low (L) to moderate (M) for the 

remaining four.  Table F3.1 summarises the completed FMEA risk assessment and the additional 

two failure model that were not previously assessed in the workshop.   

Table F3.1: Summary of workshop cover system FMEAs. 

 

3.1 Rock Penetrates CCL 

This section addresses the risks associated with rocks penetrating the CCL, resulting in increased 

net percolation rates.  The confidence level was high and the risk rating was low for this failure 

mode in the workshop.  In order to address the failure mode an assessment of rock penetration 

depth from a freefall height was developed and then put into the context of net percolation as a 

function of CCL thickness.  The risk will be managed through construction methods in the 

planning and executions stage.   

Rocks pushing through CCL
Leading to CCL NP increasing beyond design 

performance expectations 
NL H L

Chemical attack to CCL
Cation exchange calcium displacing sodium. 

Leading to higher than expected NP
NL H L

Linear shrinkage of clays leading to 

cracks in CCL

Leading to higher than expected NP, affecting 

water quality guidelines in receptors
NL H L

Heating changes clay mineralogy
Leading to CCL NP increasing beyond design 

performance expectations 
#N/A

Effect of gas venting on CCL
Leading to CCL NP increasing beyond design 

performance expectations 
#N/A

Erosion of CCL and drainage layer due 

to interflow

Leading to loss of CCL to manage NP and O2 

ingress
L M L

Wind shear leading to advective drying 

of cover system 

Leading to insufficient moisture for vegetation 

and cracking of CCL
L L Mo

Operational life of geosynthetic 

hydraulic barrier

Leading to loss of hydraulic conductivity 

properties and NP rates higher than 

performance expectations

L M Mo

Disruption of cover system surface

Differential settlement due to differing lift heights, 

Higher water entry than performance 

expectation

L M Mo
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3.1.1 Penetration Depth 

Penetration depth was estimated from the ASTRA (2008) guideline for rockfall penetration 

galleries, designed for calculating rockfall penetration into a well graded cushion layers ≥ 0.5 m 

thick.  Inputs for the rock penetration equations are layer thickness, angle of internal friction, and 

elastic modulus and is as follows:  

F = 2.8e−0.5 r0.7 ME
0.4 tanΦ (

mv2

2
)

0.6

 [3-1] 

and: 

t =  
mv2

F
 [3-2] 

where: 

F =   Force of impact of falling rock (kN) 

t =    depth of penetration (m) 

v =   impact velocity of falling rock (m/s) 

v0 =  initial velocity (m/s) 

g =   acceleration due to gravity (m/s) 

h =   height from which rock is dropped (m) 

e =   thickness of cushion layer (m) 

r =   radius of falling rock (m) 

ME =  elastic modulus (kN/m
2
) 

Φ =  angle of internal friction (
o
) 

m =  mass of rock (tonnes) 

The elastic modulus was estimated from triaxial compression test data conducted on the MRM 

clay material using the method introduced by Duncan and Chang (1970).  The elastic modulus 

measured at 125 kPa effective stress ranged from approximately 3 to 52 MPa, typical for medium 

to very stiff clays with a medium to high plasticity (Ranjan and Rao, 2007).  Measured at 125 kPa 

effective stress the angle of internal friction ranged from 9 to 27°, typical for highly plastic clays 

(Guyer, 2011).   

Calculated penetration depths are provided in Table F3.2 for material with an elastic modulus of 

6 MPa (conservative assessment) for different drop heights and rock diameters.  The colour 

coded ranges provide a quick visual comparison of the estimated values.  Red indicates that the 

depth of penetration is greater than 0.2 m, yellow indicates that the depth is less than 0.2 m and 

greater than 0.1 m, and green indicates that the depth is less than 0.1 m.  The greatest 

penetration depth of 0.25 m was for a 1.0 m diameter rock dropped from a height of 2.0 m.   

While the analysis does suggests that there is a potential for rock penetration this will be mitigated 

through construction methods in the planning and execution period.  During construction on the 

plateau, material will be end-dumping and then dozing to grade.  This involves the haul truck 

reversing to the berm or windrow and dumping material down the existing tip face, hence the 
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dumped material would encounter the existing tip face providing a loss of force, minimising the 

detrimental effect of any rock that rolls out to the CCL.  Any freefall of a rock due to bounce out, 

as unlikely as it may be, would strike the CCL from an elevation of less than 0.5 m.  In terms of 

overburden pressure causing a rock to penetrate the CCL, the surrounding material at the 

interface would also have the same overburden pressure, hence a differential pressure would be 

required to advance the rock beyond the surrounding material. 

Table F3.2: Calculated CCL penetration depths. 

Rock 
diameter (m) 

Height (m)  

0.5 m 1 m 1.5 m 2 m 

0.2 0.06 0.08 0.10 0.11 

0.4 0.09 0.12 0.14 0.16 

0.6 0.11 0.15 0.17 0.19 

0.8 0.13 0.17 0.20 0.22 

1.0 0.14 0.19 0.22 0.25 

On the slopes material would be dozed down slope to the required grade allowing for rock rollout 

at the leading edge.  In this instance the forward momentum of the rock deflects the force down 

the slope, as the rock is primarily traveling parallel to the slope.  Should the CCL be damaged 

from rock rollout the CCL would be repaired.   

Numerical simulations were completed to evaluate the thickness of the CCL on net percolation.  

Table F3.3 provides a brief summary of the simulated results which suggest that there will be 

limited increases in net percolation attributed to rocks penetrating the CCL.  In considering the 

effects of these results, it should also be noted that it might be in the range of a few square 

meters per hectare. 

Table F3.3: Simulated net percolation (mm/yr) for the Alluvium and Breccia base case cover 
systems. 

Cover System 
CCL thickness 

0.4 m 0.5 m 0.6 m 

Breccia 67 60 53 

Alluvium 58 52 48 

3.2 Chemical Attack on CCL 

This section addresses the risks associated with pore-water quality on the hydraulic performance 

of the CCL.  Specifically cation exchange will be evaluated, but consideration will also include 

electrolyte concentration and pH.  From the workshop assessment the confidence level was high 

and the risk rating low; hence, the work completed within this section included a literature review 

and comparison of pore-water quality from the CCL to that modelled from the growth medium and 

mineralised halo material.   
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3.2.1 Pore-Water Compatibility  

The CCL will be exposed to pore-water from the growth medium as leachate, and may be 

exposed to pore-water from beneath the CCL due to capillary rise.  The concern is that the quality 

of this water may influence the permeability of the CCL.  Chemical interactions with clay may 

affect permeability through chemical attack on the double diffuse layer surrounding clay particles 

and dissolution of soil constituents by strong acids or bases, (Goldman and Greenfield, 1990). 

The thickness of the double diffuse layer, the negatively charged surface and the cations in 

solution adjacent to the clay surface, decrease with increasing electrolyte concentration (Barbour 

and Fredlund, 1989; Goldman and Greenfield, 1990).  This can also occur due to low pH and the 

substitution of monovalent by divalent cations with a higher charge density (Goldman and 

Greenfield, 1990; Holtz and Kovacs, 1981).  The decrease in the diffuse double layer thickness 

can result in an increase in permeability.  The reduction in the double diffuse layer can also result 

in volume change (Barbour and Fredlund, 1989) and cracking which may also result in a change 

in hydraulic properties.  Osmotic consolidation occurs when salt is transported into the clay, 

suppressing the double diffuse layer (i.e. increased electrolyte concentration).  Osmotic induced 

flow out of the clay in response to saline leachate increases effective stress within the clay and 

generates osmotically induced consolidation. 

Six breccia and shale samples, representing the non-acid forming material that will comprise the 

growth medium above the CCL, and six samples of the siltstone, dolomite, and shale material 

upon which the CCL will be placed (the mineralized halo material) were leached to model the 

pore-water chemistry of materials.  The saturated paste extract from 18 clay borrow materials was 

analysed to model the pore-water chemistry of the CCL.  Table F3.4 summarises the modelled 

pore-water chemistry.  The CCL has a lower sodium adsorption ratio (SAR) and higher electrolyte 

concentration or electrical conductivity than the growth medium and Halo material and thus the 

double diffuse layer would not be susceptible to changes in thickness.  In addition, the pH of the 

various materials are similar and classified as slight to moderate alkalinity.   

Table F3.4: Pore water chemistry of cover material, halo and CCL. 

Parameter 
Growth medium CCL Halo material 

Median Range Median Range Median Range 

pH 8.3 7.6 to 9.1 7.7 6 to 8 7.8 7.1 to 8.3 

EC (dS/m) 0.3 0.2 to 0.4 2.7 0.03 to 8.0 1.01 0.5 to 1.3 

Calcium (mg/L) 14 9 to 25 1864 441 to 4028 59 30 to 106 

Magnesium (mg/L) 14 6to 22 1130 170 to 3294 56 18 to 92 

Potassium (mg/L) 8 2 to 25 137 <20 to 352 16 6 to 33 

Sodium (mg/L) 19 3 to 49 <10 <10 to 759 27 12 to 77 

Sulphate (mg/L) 91 63 to 144  407 406.7 180 to 659 

SAR 0.8 0.1 to 2.4 <0.1 <0.01 to 0.2 0.8 0.2 to 1.4 
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3.3 Linear Shrinkage of the CCL 

The risk of linear shrinkage on the hydraulic performance of a CCL and potential increase in net 

percolation was assessed in this section.  The confidence level in the workshop was high and the 

risk rating was low.  A literature review was completed to develop a conceptual model of linear 

shrinkage for a CCL.  Predicted matric suctions in the CCL derived through numerical simulations 

in combination with the water retention curve (WRC) for the CCL material were used to assess 

the potential for volume change and cracking of the CCL in the base case cover system 

scenarios. 

3.3.1 Conceptual Model of Linear Shrinkage 

Linear shrinkage due to volumetric shrinkage strains from wetting and drying cycles in CCLs can 

result in cracking and subsequently an increase in the as-constructed hydraulic conductivity.  

There are two distinct stages of drying that occur in the volumetric shrinkage strain relationship of 

soils (Haines, 1923).  The first stage of shrinkage, referred to as primary shrinkage, occurs as 

water is removed without air entry.  Since air is not entering the soil, the volume change is equal 

to the volume of water leaving.  Water surrounding the individual soil particles is removed, 

allowing the particles to move closer together.  In the next stage of drying, residual shrinkage 

occurs where soil particles start to contact each other, and the drying process slows as the 

structure of the soil begins to resist additional volume change and air enters the matrix.  Little 

change in soil structure or total volume occurs during residual shrinkage because the particles are 

in contact.  Figure F3.1 illustrates primary and residual shrinkage and characteristics of the 

volume change as seen through the void ratio. 

 
Figure F3.1: Water content, volume and matric suction relationship for a cohesive soil.   

0 1 10 100 1,000 10,000 100,000

V
o

id
 R

a
ti

o
, 

e

V
o

lu
m

e
tr

ic
 W

a
te

r 
C

o
n

te
n

t 
(m

3
/m

3
)

Suction (kPa)

WRC

Void ratio

Air entry value

Primary Shrinkage Residual Shrinkage

Low plasticity, or
Low clay content, or
Compacted at OWC

High plasticity, or
High clay content, or
Compacted Wet OWC



Glencore - McArthur River Mining Pty Ltd 
Appendix F, Assessments of Cover System Design Arising from May 2016 FMEA 13 

O’Kane Consultants 9 December 2016 
750/15-01 - Appendix F 

Specimens compacted at the optimum water content (OWC) have the largest volume of solids 

and least volume of water at any compactive effort.  As a result, compaction at the OWC provides 

the minimum shrinkage volume during drying.  When compacted dry or wet of OWC, the dry unit 

weight decreases and there are less solids per unit weight allowing more volume change before 

air entry.  Likewise, soils that have a higher plasticity index or greater clay content generally have 

a greater volume of water and are thus more prone to volume change during drying.  Thus, the 

shrinkage strain increases with increasing clay content and with increasing compaction water 

content, as illustrated in Figure F3.1.  The relationship is less clear for the compactive effort; for 

example, modified compaction compared to standard compaction does not necessarily reduce 

cracking. 

The critical suction in a CCL which initiates cracking depends on a soil physical parameters such 

as the clay content of mineralogy, plasticity, soil structure, degree of compaction, moulding water 

content and overburden pressure.  Witt and Zeh (2005) reported critical suctions for medium and 

high plasticity mineral soils for a CCL in the range of 25 to 60 kPa with overburden pressures of 

approximately 15 kPa.  Stress cracking generally initiates at a degree of saturation of 

approximately 95% or at the air entry value of the material (Peron et al., 2009).  Albrecht and 

Benson (2001) and Kleppe and Olson (1985) found that shrinkage strains of greater than 5% can 

produce cracks in compacted soils and that shrinkage strains >10% produced severe cracking.  

Studies by Omidi and Brown (1996) found similar results in that shrinkage strains of less than 

11% resulted in cracking and increases in saturated hydraulic conductivity.  While there is 

commonality in their studies there is some variability due to differences in the materials tested and 

preparation specification such as density and moulding water content; however the 5% to 10% 

shrinkage strain appears to be a commonly reported variable. 

3.3.2 Simulated Matric Suction and WRC of CCL 

The WRC for the CCL material at a dry density of 1.9 Mg/m
3
 is illustrated in Figure F3.2.  The 

estimated matric suction at the 5% shrinkage strain is also shown compared to the maximum 

matric suction simulated in the CCL for the Breccia cover system (simulated matric suction for the 

Breccia base case cover system with the driest 10 year period in the 125 year climatic data base 

and increased PE (increased/modified PE see Figure F3.4) is shown in Figure F3.3).  The 5% 

shrinkage strain is approximately 350 kPa, comparatively the maximum matric suction simulated 

in the CCL is in the range of 80 to 90 kPa suggesting that the tensile strength or critical matric 

suction of the CCL is not exceeded over the simulation period.  This would suggest that the 

growth medium has sufficient water storage capacity and the CCL would not be exposed to 

cracking.  In addition, it is important to highlight the trend in simulated matric suction within the 

CCL.  The matric suction at the base of the CCL fluctuates between approximately 50 to 90 kPa 

in response to the hydrostatic pressure profile draining water from the profile.  However, more 

importantly matric suctions at the middle and upper depth of the CCL remains below that 

simulated at the lower depth.  This highlights that while there is wetting of the CCL it is primarily 

detached from the evaporative demand (i.e. does not release water to the atmosphere).  In Figure 

F3.3 there are four slight occurrences where the matric suction in the upper CCL exceeds the 
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matric suction lower depth, highlighting that the evaporative demand, as little as it was, is limited 

to the surface of the CCL, during a ten year dry period with increased PE.  It should also be 

highlight that due to the difference in elevation it is likely that there was no upward flux of water.  

Matric suctions simulated within CCL of the Alluvium cover system were lower than that of the 

Breccia.  Therefore the risk of linear shrinkage in the NOEF base case cover systems is low.   

 

Figure F3.2: WRC for the CCL material and maximum simulated matric suction in Breccia CCL as 
well as the corresponding 5% shrinkage strain suction. 

 

Figure F3.3: Numerical simulations of matric suction in the Breccia base case cover system CCL 
simulated using ten consecutive dry years. 
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3.4 Effect of Heating on Clay Mineralogy 

The risk of elevated temperatures on the clay mineralogy of the CCL is assessed in this section.  

This failure mode was not previously assessed within the workshop, individual consequence were 

adopted from the chemical failure mode given that the “Effects and Pathways” are the same and 

would likely be localised impacts.  The assessment below included an information review and 

summary of simulated temperatures that the CCL will be exposed to over its service life.   

3.4.1 In-Service Temperature of CCL 

The temperature of the CCL will be influenced by fluctuations in ambient air temperature and 

internal heating within the NOEF during its service life.  Numerical simulations using DumpSim 

and VADOSE/W were used to predict the temperature of the CCL due to heating of waste rock 

within the NOEF and ambient air temperatures, and summarised in Table F3.5.  The maximum 

simulated temperature is similar for the different numerical modelling techniques at approximately 

30
o
C.  This assumes that existing venting within the NOEF would be inhibited by the halo prior to 

placement of the cover system.  The analysis highlights that internal heating of the NOEF will not 

result in maximum temperatures exceeding that which would be realised under natural 

environment conditions.  This is a positive result in that it highlights that the mineral soil used to 

construct the CCL will be placed within a similar thermal environment from which it was sourced.   

Table F3.5: Simulated temperatures within the CCL.  

 Minimum Maximum 

DumpSim 25.0  29.0 

VADOSE/W 15.5  30.8 

Change in clay mineralogy may occur at elevated temperatures, potentially resulting in decreased 

capacity of the CCL to retain water, reduce the double diffuse layer thickness and change in 

charge density.  Arifin (2001) provides a summary of potential temperature effects on clay 

mineralogy, summarised Table F3.6.  The kinetics of the reactions in question occur at 

temperatures higher than what is predicted for the CCL.  As such, the risk of alterations to CCL 

mineralogy as a result of heating is considered low. 

Table F3.6: Heating effects on a clay mineralogy (after Arifin 2001).  

Mechanism of concern Conditions Reference 

Transformation of smectite to 
illite 

120 to 160 °C for 180 to 360 
days 

de la Fuente et al., 2000 

Cementation of bentonite surface Temperatures up to 110 °C Pusch, 2000 

Reduction in water absorption of 
calcium type bentonite due to 
formation of covalent bonding 

between Ca
2+

 with clay surface 

Temperatures greater than 
100 °C 

Mokrejs et al., 2005 
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3.5 Effect of Gas Venting on CCL  

This section addresses the risks associated with gas venting from the NOEF resulting in damage 

to the CCL.  This failure mode was identified as part of the FMEA process, but specific risk ratings 

were not assigned.  The risk rating for individual consequences were adopted from the chemical 

failure mode given that the “Effects and Pathways” are the same and would likely be localised 

impacts.  An information review and analysis of the likelihood of this occurrence is provided to 

allow allocation of risk and confidence ratings to this failure mode   

3.5.1 Airflow through Waste Rock Dumps 

Air movement mechanisms through WRDs have been studied to better understand oxygen 

transport for the purpose of controlling metals leaching and acid rock drainage.  The principal 

mechanisms contributing to airflow in WRDs, as identified by Wels et al. (2003) include diffusion, 

advection due to a thermal gradient and/or wind pressure gradients, and advection due to 

barometric pumping.  Diffusion is generally limited to the near surface, and is expected to be 

largely shut down following construction of the cover system.  Advective processes have the 

potential to transport air in greater quantities.   

As internal WRD temperatures often exceed external temperatures, there is a potential for 

temperature-driven convection to occur (Harries and Ritchie, 1987), the magnitude of which is 

dependent on the differential between internal and external temperatures.  Air movement within 

waste rock dumps can be minimised by constructing them in a manner in which the structure 

inhibits air flow.  Free dumping or top down construction can result in segregation, creating coarse 

zones, which create a ‘chimney’ effect.  Dumps constructed from the bottom up, in relatively thin 

lifts, with effective compaction occurring as part of the construction process, will inhibit convection 

by providing barriers to air flow (Wels et al., 2003).  Following construction of the waste rock 

dump, air flow can be controlled by implementation of a low permeability layer.  In general, a 

much higher permeability layer is suitable to effectively shut down convection when compared to 

what is required to limit water infiltration (Wels et al., 2003).  Modelling of the Sugar Shack waste 

rock pile at Questa mine indicated convection could be effectively shut down with a hydraulic 

conductivity equivalent to 3 x 10
-6

 m/s (Lefebvre et al., 2001). 

3.5.2 Gas Venting 

Several areas were identified in which gas was venting from the cover system at the Sullivan 

Mine in British Columbia, Canada.  The waste dump in question was constructed mainly by end-

dumping, and was reclaimed with a simple 1.0 m till water store-and-release cover system.  An 

investigation determined that each of the vent locations had cover thicknesses ranging from 0.3 to 

0.75 m, whereas the design stipulated a thickness of 1.0 m (Phillip et al., 2012).  This example 

highlights the importance of quality assurance and quality control during cover system 

construction, but the circumstances are also significant, in that the dump was constructed via end-

dumping and the cover system did not include a low permeability layer.  The comparatively more 

robust cover system designed for the NOEF, consisting of a low permeability 0.5 m CCL, and 2 m 
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growth medium layer, is not expected to be subject to gas venting due to the homogeneity of the 

CCL material and low permeability. 

Dump construction and structure are also important considerations.  As described above, end-

tipping can create a structure that promotes convection.  The NOEF will be constructed with 

regular advection barriers incorporated into the internal dump architecture, either through 

paddock dumping or tipping in relatively thin lifts of 2 to 7.5 m with sandy-silty-clayey barrier 

layers.  The bottom up construction, and inherent compaction that will occur due to traffic, will 

create lower permeability layers throughout the dump which inhibit air flow.  Finally, the low 

permeability layer in the cover is expected to limit oxidation within the dump; as a result, the 

internal temperature (and thus the temperature gradient, as well as pressure gradient) will 

decrease with time following cover system implementation.  As such, convective air flow is 

expected to be limited in the NOEF, and damage to the CCL as a result of gas venting is unlikely. 

For the existing NOEF PAF cell where gas venting has been observed, OKC have advised MRM 

on construction of an advection barrier layer to shut down the existing air currents, starting from 

the bottom up.  The EIS dump development plan then adds the cover system outside this internal 

barrier layer, further restricting oxygen flows through the existing dump.  OKC predict that by the 

time the cover system is ready to be placed on top of the completed dump, the advection currents 

would have been shut down or highly dampened.  Any such venting would be considered to be 

very localised in nature and not expected to significantly impact the efficacy of the cover system.  

3.6 Internal Erosion of the Drainage Layer and CCL 

This section addresses the risks associated with internal erosion of the drainage layer and CCL 

and risk of the CCL not managing oxygen and water ingress to the required design criteria.  The 

confidence level was moderate and the risk rating was low for this failure mode.  An information 

review and analysis of pore-water velocity is provided to address the moderate confidence rating 

assigned during the FMEA. 

3.6.1 Pore-Water Velocity 

Unlike surface erosion, the CCL and drainage layer are shielded from the effect of raindrop 

impact and high water flow velocities.  The flow velocity within the drainage layer above the CCL 

is estimated with Darcy’s law for each slope aspect using ksat values of 1 x 10
-2

 m/s and 1 x 10
-3

 

m/s, and porosity of 0.3.  The maximum velocity was estimated at 0.01 m/s (0.6 m/min) on the 

2.5:1 slope (Table F3.7).  At a flow velocity of 0.6 m/min it is unlikely that the applied force would 

exceed the critical point of overcoming the forces of gravity and cohesion.   

Table F3.7: Estimated flow velocity in the drainage layer above the CCL. 

Slope 
(H:V) 

ksat (m/s) 

1 x 10
-2

 m/s 1 x 10
-3

 m/s 

2.5:1 0.01 0.001 
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3.5:1 0.008 0.0008 

4.5:1 0.006 0.0006 

Suffusion is the process of internal erosion which describes the migration of particles through the 

matrix.  Fine particles are detached at a seepage face and then transported through the empty 

space between the coarse material particles.  The occurrence of this process is unlikely given that 

a seepage face would not occur within a cover system layer.  Any seepage face associated with a 

cover system would likely occur at the surface where lateral drainage above the CCL is 

transitioned to surface water or lateral drainage capacity of the cover systems is exceeded.  

Hence this would be associated with the growth medium and not the CCL. 

The occurrence of any seepage face in the growth medium would be mitigated through adequate 

lateral drained capacity in the cover system and design of any filter discharge points to release 

water to the surface.  Any erosion of the growth medium would be managed in the adaptive 

management stage. 

3.7 Wind Shear Drying of CCL 

The failure mode in this assessment included the effect of wind shear drying the cover system 

resulting in cracking of the CCL.  Given that wind velocity below the ground surface is essentially 

zero, and advective gas movement will not occur, the failure mode addresses elevation and 

landform effects on potential evaporation (PE) and cover system performance.  The confidence 

level in the workshop assessment was low with a moderate risk rating.  Work completed in this 

section was primarily focused on the low confidence level assigned to the risk rating.   

3.7.1 Elevation Effects 

The closure plan for the NOEF has been revised to increase the dump height from 80 to 140 m.  

There is the potential that climatic conditions at this elevation may influence cover system 

performance; specifically, climatic conditions at the increased elevation may contribute to greater 

evaporation of water and drying of the CCL.  PE was reassessed to account for any differences in 

meteorological parameters across the vertical height of the NOEF.  The average adiabatic lapse 

rate is 6.5°C per 1000 m, thus the average air temperatures are predicted to decrease by 0.9°C 

with a 140 m increase in elevation.  Correction of relative humidity (RH) with elevation is 

estimated to be 99% of the existing value (Engineering Toolbox, 2016).  Average wind speed is 

calculated to increase by 7% at an elevation equal to the NOEF (DWIA, 2013), assuming surface 

roughness equivalent to an open agricultural area.  The amount of PE, which is a theoretical 

maximum assuming free water on the surface at all times, was calculated using the Penman 

(1948) method and climate data collected at the site from October 2001 to September 2005.  The 

adjusted air temperature, relative humidity and wind speed increased PE by approximately 0.2 

mm per day, or 3%. 
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3.7.2 Landform Effects 

The landform itself will influence wind velocity, particularly as the slopes become steeper.  Wind 

speed increases up the slope because the boundary layer (ground surface) is displaced upwards 

by the terrain, creating a pressure gradient that accelerates the wind.  This increase is in 

proportion to the ratio of the landform height to width (Taylor and Lee, 1984; Meroney et al., 

1993).  Wind speed at the crest is not affected by the landform shape unless flow separation 

occurs, which can occur at landform crests when slopes exceed 1:3.3 (H:V), decreasing wind 

speeds and inducing gusts (Meroney et al., 1993).  

Wind direction at Australia Bureau of Meteorology McArthur River Mine Airport climate station 

014704 (BoM, 2016) is predominantly from the east.  The maximum speed-up ratio, defined as 

the landform induced wind speed to the incident wind speed perpendicular to the ground, was 

calculated for an east-west cross-section through the NOEF, assuming a three-dimensional bell-

shaped landform and surface roughness <0.1 (Taylor and Lee, 1984).  The height to width is 0.36, 

resulting in a speedup ratio of approximately 0.56.  The maximum increase in wind speed on the 

slope of the NOEF is therefore 1.53 for the 2.5:1 section, 1.55 for the 3.5:1 section and 1.56 for 

the 4.5:1 section.  This turbulent momentum transfer will be most significant within 12 m height of 

the NOEF surface.  Equations 3-3 and 3-4 were used to estimate the wind speed on the different 

slope aspects and are as follows: 

ΔSmax = 2 (
h

L
) σmax [3-3] 

and: 

Uh = U0 (1 + ΔS)   [3-4] 

where: 

ΔSmax = maximum value of the fractional speed-up ratio 

h =    height of landform above surrounding terrain 

L =   length scale of landform slope 

σmax =  landform shape coefficient.  0.79 for a three-dimensional bell-shaped hill 

Uh =  estimated wind speed at crest of hill (m/s) 

U0 =  wind speed upstream of hill (m/s) 

This calculation is a maximum wind speed and is most accurate for wind speeds greater than 

6 m/s, which represented approximately 2% of the dataset.  Thermal effects will dominate at wind 

speeds less than 3 m/s (Taylor and Lee, 1984), which represented 69% of daily average wind 

speeds measured in the five year dataset.   

3.7.3 Modified Potential Evaporation 

Potential evaporation was re-calculated for the five year period with temperature, RH, and wind 

speed adjusted for the landform and wind speeds greater than 3 m/s.  Average annual PE in the 
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period increased from 1,857 to 2,129 mm.  The PE re-calculation was for maximum increase in 

wind speed and assumes a linear increase for winds between 3 and 6 m/s.  The increase in wind 

speed applies to the elevations of the NOEF.  Wind acceleration will be less than the maximum 

further downslope, and wind speed is expected to decrease on the leeward side, hence the 

analysis is conservative in nature.  The monthly maximum increase in PE (Modified) due to 

differences in elevation and the landform are illustrated in Figure F3.4.  Numerical simulations 

were completed with VADOSE/W to simulate matric suction in the CCL using the driest ten year 

period in the 125 year climatic database with modified PE (summarised in Section 3.3).  The 

increased PE values produced no observable effect on the CCL.  Actual evapotranspiration was 

essentially the same as that simulated for the 125 year period with normal PE. These results 

highlight that once the growth medium dries out, evaporative flux is driven not by PE, but by 

negative pore-water pressures in the growth medium.  Thus it can be assumed that performance 

of the CCL would not be influenced by the increase in elevation to 140 m from the analysis 

completed in Section 3.7.   

 

Figure F3.4: Monthly average PE estimated using the Penman (1948) method and PE modified to 
account for the NOEF landform and height. 

3.8 Operational Life of Geosynthetic Barrier 

The objective of this section is to address the moderate confidence level and likelihood assigned 

to the operational life of a geosynthetic barrier risk rating.  A conceptual model was used to 

illustrate the predicted long term performance of a high-density polyethylene (HDPE) 

geomembrane, or its ability to function as an effective hydraulic barrier taking into account 

physical, chemical and biological processes that will collectively contribute to the durability of the 

product and performance as a barrier.  An HDPE geomembrane was selected for use in the 

analysis; however, if an alternate geosynthetic is selected, the conceptual model would provide 

the framework for assessing alternatives.  A base case cover system design was not available at 
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the time of this analysis; however, it was assumed that adequate lateral drainage capacity is 

available to limit prolong periods of ponding above the geomembrane, and that adequate 

protector and bedding layers are included to protect the geomembrane.  

3.8.1 Service Life of Geomembrane 

The service life of a geomembrane in a cover system can be defined as the length of time that it 

functions as an effective hydraulic barrier.  Net percolation for a cover system that includes a 

geomembrane can occur through diffusion, but the transmission rates are very low.  In general, 

the hydraulic conductivity corresponding to water diffusion is on the order of 10
-14

 to  

10
-17

 m/s (Giroud and Bonaparte 1989).  As a result, net percolation is primarily attributed to 

leakage through holes in the geomembrane.  Darilek et al. (1989), Giroud and Bonaparte (1989), 

Brennecke and Corser (1998), and Rollin et al. (1999) reported that even with recent advances in 

the testing and installation of geomembranes, they are almost never installed without holes.  

Benson (2000) found that the effective saturated hydraulic conductivity of geomembranes may be 

several orders of magnitude greater than specified due to defects, yet these values are still low.  

The primary factors leading to holes in geomembranes are: 1) inadequate welds and attachments 

to structures; 2) imposed stresses and mechanical damage during construction; and 3) service 

stresses that induce stress cracking at points of stress and weld separation (Peggs, 2010).  

Stress cracking is commonly associated with aging of the geomembrane.  In addition, post-

construction damage can be introduced due to physical and biological processes primarily 

attributed to anthropogenic activities, animal burrowing, insect bioturbation, and the effects of 

vegetation. 

3.8.1.1 Chemical Aging of Polyethylene 

Chemical aging of polyethylene geomembranes leads to a reduction in mechanical properties and 

eventually to failure.  The form of chemical degradation that has the greatest detrimental effect on 

buried polyethylene geomembranes is thermal oxidative degradation.  Properties of the polymer 

start to change eventually leading to failure of the geomembrane.  Lower density polyethylene 

(LDPE) and linear low-density polyethylene (LLDPE) will oxidise more rapidly than HDPE.  The 

durability period of geomembrane defines the point where it still retains 50% of its material 

properties.  The durability estimate does not directly relate to the continuing ability of the 

geomembrane to act as an effective hydraulic barrier.   

The oxidation of polyethylene geomembranes is inhibited by antioxidants introduced during 

manufacturing to increase durability of the product.  The oxidation of polyethylene geomembranes 

occurs in three phases.  In Phase 1 the depletion of the antioxidant occurs, followed by Phase 2, 

the induction period, in which the oxidation of the geomembrane is relatively slow.  In the Phase 3 

the oxidation starts to occur more rapidly.  The durability period occurs in Phase 3.   

The temperature that a polyethylene is exposed to during its service life is critical to the rate of 

degradation of the polyethylene, in particular when temperatures are greater than 20 to 30
o
C.  For 
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example, Koerner and Hsuan (2003) reported in one study that the durability period was 712, 270, 

and 109 years for an HDPE geomembrane at 20, 30, and 40
o
C, respectively.   

The activation energy is another parameter used in predicting the durability of a geomembrane.  

Sangam (2001) and Hsuan and Koerner (1995) calculated activation energy between 43.3 and 

53.9 kJ/mol for HDPE submersed in air or water.  Müller and Jakob (2003) were not able to derive 

an activation energy from their studies but reported that it is likely larger than that reported by 

Sangam (2001) and Hsuan and Koerner (1995) and in the range of approximately 100 kJ/mol.  

Another factor that may contribute to the durability period in a cover system is the moisture 

condition.  The depletion of antioxidants is approximately 1.6 to 2.4 times faster in water than it is 

in air (Sangam 2001). 

3.8.2 Conceptual Model  

A conceptual model is provided for a cover system to describe performance in five stages that 

takes into account physical, biological, and chemical processes that will contribute to its long-term 

performance.  While a detailed cover system design would not be developed at this stage, the 

conceptual model assumes that an HDPE geomembrane will be located at approximately 2.0 m 

depth. A growth medium with adequate storage capacity to sustain vegetation, bedding and 

protector layers are included, as well as a drainage layer with adequate lateral drainage capacity 

to limit prolong ponding of water above the geomembrane.  This analysis included the estimated 

period for each stage based on the in-service temperature, number of holes anticipated to occur 

in the geomembrane, and finally the estimated net percolation.   

Stage 1: This stage represents the number and size of holes in the geomembrane following 

construction and placement of the overlying cover system layers such as a geotextile 

protector layers, drainage material and growth medium.  Construction quality control 

and quality assurance measures are implemented to minimise the occurrence of holes 

introduced and detect and repair them in this stage.   

Stage 2: Following construction of the cover system there will likely be no increase in the 

applied load; hence no holes would develop due to service stresses.  The NOEF will 

be constructed in short tip faces (2 to 7.5 m) and limit any differential settlement.  The 

majority of settlement would have occurred prior to placement of the cover system with 

secondary compression occurring post closure (as discussed in Section 3.9).   

Physical and biological damage due to anthropogenic activities, burrowing animals, 

and root ingress is unlikely given that: 1) the geomembrane has retained its 

manufactured properties; an extended period will be required before animals colonise 

the landscape; the breccia used as a drainage layer above the geomembrane will 

deter anthropogenic burrows.  Stresses imposed by roots could cause stress cracking 

to occur once the geomembrane becomes brittle and is accounted for in subsequent 

stages.  Termite activity is typically within the upper 1 m of the surface but can 

penetrate much deeper in search of water.  It is assumed that a density of 32 termite 
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mounds per hectare are established in this period as reported by Lamoureux and 

O’Kane (2012).  Multiple holes with a combined surface area of 100 mm
2
 are assumed 

to be associated with each termite mound given that they are not harvesting the 

geomembrane but creating holes to access water below the layer.   

Stage 3: This stage defines the period of antioxidant depletion and continues until the induction 

period of oxidation is complete.  This is defined by Phase 1 and Phase 2 of oxidation 

(Hsuan and Koerner 1995).  Oxidation causing embrittlement has not occurred, but 

stress cracking will develop within areas of the geomembrane that are under stress, 

with the number of cracks depending on the areas under stress.  The level of stress, 

the stress crack resistance of the geomembrane, and temperature will control the time 

to the initiation and growth of stress cracks.  Geotextile protector layers are expected 

to become ineffective during this period.  Similar to Stage 2, physical damage to the 

geomembrane would be non-existent except for termite damage.   

Stage 4 This stage represents the oxidation period of the geomembrane where it becomes 

brittle and further stress cracking and damage is predicted to occur at locations in 

which the geomembrane is exposed to significant levels of stress.  During this stage 

the geomembrane would be more susceptible to physical damage due to the reduction 

in material properties.  This is defined in Phase 3 by Hsuan and Koerner (1995). The 

likely number of stress cracks that occur will be influenced by thermal contraction 

stresses, number of wrinkles or folds, bedding and covering material, differential 

settlement, and residual stresses on welds.  Wrinkles would be associated with the 

geomembrane given the climatic conditions but could be minimised through 

construction quality control and the use of white geomembrane. 

Stage 5 During this stage the geomembrane continues to degrade due to services stresses 

and any physical damage that may occur.   

The predicted period for the five stages of performance are estimated using an activation energy 

of 70 kJ/mol at 20, 30 and 40
o
C.  An activation energy of 70 kJ/mol is considered conservative 

(Needham et al. 2004a).  The average temperature at the base of the cover system due to diurnal 

temperature changes was estimated at 24
o
C through numerical simulations completed with 

VADOSE/W (Geo-Slope, 2014).  Simulations completed with DumpSim would suggest that 

heating of the cover systems due to oxidation of the waste rock would be negligible given the 2 to 

7.5 m tip faces and advective barriers that will be used to construct the dump.  The predicted in-

service temperature is likely in the range of 20 to 30
o
C (Table F3.5).   

Table F3.8: Estimated period for each stage of performance at different in-service temperatures 
for a HDPE geomembrane.   

Stage Comment  20
o
C 30

o
C 40

o
C 

  Cumulative (years) 

1 Construction stage 5 5 5 

2 Post construction with no additional stresses imposed 50 50 50 
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 Termite activity initiated 

3 

Antioxidant depletion and onset of oxidation induction 
period at end of stage 

 Stress cracks occur in areas under significant stress 
likely on seams, wrinkles and partially penetrating 
defects.  

 Geomembrane resistant to physical damage 

1100 450 180 

4 

Oxidation stage and reduction in material properties 

 Additional stress cracking and increase length of existing 
stress cracks even when under low stress 

 More susceptible to physical damage primarily roots 
providing stress to existing holes 

 Halfway through period 50% reduction in material 
properties (period of product durability) 

1574 604 233 

5 
Continued deterioration of geomembrane  

 Stage 4 holes repeated every 100 years 
1674 704 333 

Müller. and Jakob (2003) Hsuan and Koerner (1995) Sangam (2001). 

Tables F3.9 and F3.10 provide an estimate of the cumulative number of holes that will occur over 

the five stages of performance, incorporating good and fair quality control (QC).  Good QC would 

likely include that the geomembrane meets specifications, a robust bedding and protection layer 

is included in the design, installers of the geomembrane are certified to complete such works, an 

experienced field engineer ensures that the cover system is built to the required specifications, 

and a mobile electrical leak location (ELL) survey is completed.  The fair case assumes that an 

ELL survey is not completed and that the geomembrane may not meet other requirements as 

outlined under good QC.  In Stage 5 the cumulative surface area of holes is estimated to be in the 

range of approximately 0.15 to 0.35 m
2
 per hectare.   

Table F3.9: Cumulative number of holes and surface area in each stage of performance at an in-
service temperature of 20

o
C for good and fair QC 

Hole Type Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Good QC 

Pinhole (2.5 mm
2
) 10 10 10 10 10 

Hole (50 mm
2
) 5 5 5 5 5 

Tear (5,000 mm
2
) 2 2 2 2 2 

Crack (10 mm
2
)   35 85 170 

Crack (1,000 mm
2
)   25 50 100 

Bioturbation (100 mm
2
)  32 570 975 1,500 

Total Surface Area (mm
2
) 10,300 13,500 92,600 158,600 261,900 

Fair QC 

Pinhole (2.5 mm
2
) 25 25 25 25 25 

Hole (50 mm
2
) 15 15 15 15 15 

Tear (5,000 mm
2
) 7 7 7 7 7 

Crack (10 mm
2
)   75 175 350 

Crack (1,000 mm
2
)   35 85 175 

Bioturbation (100 mm
2
)  32 570 975 1,500 

Total Surface Area (mm
2
) 35,800 39,000 128,500 220,100 359,300 
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Modified from: Benson (2000), Forget et al. (2005) and Needham et al. (2004). 

Table F3.10: Cumulative number of holes and surface area in each stage of performance at an in-
service temperature of 40

o
C for good and fair QC. 

Hole Type Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Good CQC 

Pinhole (2.5 mm
2
) 10 10 10 10 10 

Hole (50 mm
2
) 5 5 5 5 5 

Tear (5,000 mm
2
) 2 2 2 2 2 

Crack (10 mm
2
)   35 85 170 

Crack (1,000 mm
2
)   25 50 100 

Bioturbation (100 mm
2
)  32 200 300 400 

Total Surface Area (mm
2
) 10,300 13,500 55,600 91,100 151,900 

Fair CQC 

Pinhole (2.5 mm
2
) 25 25 25 25 25 

Hole (50 mm
2
) 15 15 15 15 15 

Tear (5,000 mm
2
) 7 7 7 7 7 

Crack (10 mm
2
)   75 175 350 

Crack (1,000 mm
2
)   35 85 175 

Bioturbation (100 mm
2
)  32 200 300 400 

Total Surface Area (mm
2
) 35,800 39,000 91,500 152,500 249,300 

Modified from: Benson (2000), Forget et al. (2005) and Needham et al. (2004). 

3.8.2.1 Conceptual Model of Performance  

The estimated net percolation was provided for each stage of performance using the number of 

holes per hectare associated with good and fair QC.  As a conservative estimate it is assumed 

that water infiltrates through a hole continuously at a rate equal to the saturated hydraulic 

conductivity of the bedding sand.  The saturated hydraulic conductivity of the bedding sand in the 

analysis is estimated to be 1 x 10
-5

 m/s.  Figure F3.5 and Figure F3.6 summarise the conceptual 

model of performance for a cover system with a HDPE geomembrane at in-service temperatures 

of 20 and 40
o
C, respectively.  Key performance aspects of the conceptual model include:  

 Net percolation is in the very low range and will likely be maintained at less than 36 mm 

for approximately 500 and 1,800 years at service temperatures of 40 and 20
o
C, 

respectively.  This assumed that there is no limiting factors that would serve to restrain 

net percolation such as availability to water during the dry season.  For example, it is 

assumed that water continuously infiltrates at a rate equal to the saturated hydraulic 

conductivity, when in reality it is highly likely that there would not be any flow during the 

dry period.  It should be noted that this assessment assumes that there will be adequate 

lateral drainage capacity and any head of water above the geomembrane will be highly 

transient; 

 The geomembrane will continue to serve as an effective hydraulic barrier well past the 

durability period.  This would need to be considered for any geotechnical stability 
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assessment completed for the batter slopes.  The conceptual model of performance long 

term serves to inform on long term proactive planning and monitoring (100-1000 years) to 

address issues with the performance and durability of the geomembrane; and 

 Long-term performance is primarily attributed to stress cracking and the rate of 

degradation.  This assumes that the proposed cover system design will include a bedding 

and protector layer for the geomembrane and built to the required specifications through 

adequate QC.  

 

Figure F3.5: Conceptual model of performance for a geomembrane in a cover system on the 
NOEF at 40

o
C. 
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Figure F3.6: Conceptual model of performance for a geomembrane in a cover system on the 
NOEF at 20

o
C. 

Conceptual models were used to illustrate the predicted long term performance of a HDPE 

geomembrane, or its ability to function as an effective hydraulic barrier.  Given that the in-service 

temperature is in the range of 20 to 30
o
C it is likely that a geomembrane would perform as an 

effective hydraulic barrier in the range of 1,000 years.  The period of performance includes 

construction quality control and assurance, the durability period of the product and detailed cover 

system design.  For example, detailed design factors that would influence performance include 

selection of a geomembrane product and thickness, bedding layer specification (permeability and 

thickness), protector layers, drainage layer (transmissivity), growth medium (thickness and 

texture) and landform aspects.  Depending on the risk tolerance for leakage these aspects could 

be adjusted to increase the period where the geomembrane is predicted to function as an 

effective hydraulic barrier.   

3.9 Effect of Differential Settlement on Barrier Layers 

This section provides analysis completed to assess the potential risk to a hydraulic barrier in the 

cover system imposed by differential settlement within the NOEF.  Consideration was given to 

dump construction and placement technique, consolidation and settlement characteristics of 

waste rock, and the effect of deformation on CCLs.  It should be noted that the discussion of 

settlement associated with waste rock provided below is intended to be considered in the context 

of risk to cover system performance.  It should not be considered a geotechnical assessment of 

the waste rock dump. 

3.9.1 Waste Rock Settlement 

Placement technique is a key mechanism for proactive management of settlement within a waste 

rock storage facility.  Top down construction techniques and high tip faces can result in a higher 

potential for settlement within the facility.  Bottom up construction results in a much lower potential 

for settlement following cover system implementation, as the waste rock is placed at a higher 

initial density and then compacted during construction activities as each new layer is placed.  

Construction of the NOEF will occur over a period of ~18 years.  An implication of this time frame 

is that it will allow for the majority of any settlement that will occur to develop in advance of cover 

system implementation.  For reasons outlined below, it is expected that any settlement occurring 

subsequent to cover system placement will be negligible. 

Total settlement is the sum of immediate settlement, consolidation, and secondary compression.  

Immediate settlement within waste rock is time-independent, occurring in response to shear 

strains that occur as the load is applied.  Consolidation and secondary compression are both 

time-dependent, resulting from reduced void ratio and potential expulsion of water from voids.  

Consolidation may take decades for cohesive soils such as clays, but for granular materials, such 

as waste rock the hydraulic conductivity is relatively high, the material is drained, and 

consolidation occurs immediately with applied load (Chen and Liew, 2005).  Secondary 

compression follows consolidation, resulting in settlement in response to constant effective stress.  
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Secondary compression is a creep phenomenon, and although it is exhibited in granular soils, it is 

considered to be negligible (Chen and Liew, 2005). 

Given the short time frames expected for the immediate settlement and consolidation settlement 

of granular materials, and the time frame associated with construction of the waste rock dumps, it 

is assumed that these first two phases of consolidation will be concluded prior to cover system 

placement.  A prerequisite for cover system construction is preparation of the waste rock surface 

to ensure a compacted surface without undulations.  As such, the first two phases of settlement 

will pose no risk of damage to the CCL layer of the cover system, as any settlement that may 

have developed will have been addressed prior by eliminating any undulations during waste rock 

surface preparation.  The prolonged period over which the waste rock will be placed will provide a 

period in which to observe any developments prior to cover system placement. 

3.9.2 Differential Settlement  

Settlement does not pose any concern given that there are no tensile or shear stresses imposed 

on the barrier.  Differential settlement has been identified as a risk in municipal landfills, where 

large settlements of 5 to 30% can be expected due to degradation of waste materials (Edil et al, 

1990).  The heterogeneity of materials inherent to landfills can result in differential settlement 

(Benson, 2000).  These mechanisms are not factors in waste rock placement at the site, in which 

material composition is relatively homogeneous compared to landfills, devoid of organic materials, 

and clay content is low.  As the first two phases of settlement are expected to be concluded prior 

to cover system placement, the only risk to the cover system in terms of differential settlement 

over the long-term is from secondary compression.  Settlement produced by secondary 

compression will occur in response to constant effective stress, as opposed to waste degradation 

prevalent in landfills, and is therefore likely that settlement will occur uniformly.  Even if some 

variability in void space occurs as a result of textural variability within the waste rock dump, the 

settlement produced by secondary compression is expected to be insignificant due to the overall 

granular nature of the materials.  Therefore, differential settlement is considered a low risk, even 

within the context of the relatively little total settlement that is expected to occur long-term. 

3.9.3 Deformation of Barrier Layer 

Studies have been completed to assess the range of deformation or differential settlement a CCL 

can withstand before the hydraulic performance is adversely affected.  Implications of a model 

test completed by Jessberger and Stone (1991), suggested that performance can be 

compromised when distortion approached 9.5%.  That is, when the differential settlement divided 

by the length along the barrier multiplied by 100 is greater than 9.5, cracking of the CCL and an 

increase in the ksat may occur.  The findings of LaGatta et al (1997) were similar to those of 

Jessberger and Stone (1991). 

In the practical sense 9.5% differential settlement would be a difference in settlement of 

approximately 0.2 m over a 2.0 m distance.  Due to the waste rock placement technique, this 

settlement would primarily need to be produced by the upper lift, representing a settlement of 4 to 
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10% for a 2 to 7.5 m tip face.  Given that secondary compression settlement is considered 

insignificant in granular materials, a settlement of this magnitude is considered a low risk.  

Differential settlement of a magnitude to be detrimental to the CCL are not commonly observed 

on waste rock storage facilities and if they were would likely pose geotechnical safety concern.  In 

addition to evaluating a CCL, geomembranes can be expected to withstand greater differential 

settlement compared to a CCL without adverse effects to hydraulic integrity (LaGatta et al, 1997); 

however, note the durability period of the geomembrane would need to be considered, as outlined 

in the previous section.  Any differential settlement imposed due to combustion of waste rock 

would be dampened at the surface and likely not produce the required differential settlement 

required to compromise the barrier layer.  In addition should this occur it would be highly 

localised.   

Options to further mitigate the risk of cover system disruption caused by differential settlement of 

the NOEF include monitoring, and potential reinforcement of the CCL in higher risk areas.  The 

time period required to construct the dump provides an opportunity to monitor development of 

differential settlement.  If it is observed that there is a potential for differential settlement, areas 

determined to be of higher risk could be increased in thickness or reinforced with geotextiles.   
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4  SUMMARY OF ASSESSED FAILURE MODES 

The cover system failure modes assessed in this report are summarised in Table F4.1.  The risk 

rating of individual consequences can be found below and are not included in Table F4.1.  

Reassessment of the consequences would require a change to the conceptual models developed 

for the project.   

Table F4.1: Summary of assessed failure modes. 

 

The following is a summary of the key assessment outcomes summarised within this report: 

Rock Penetrates the CCL 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and confidence level in 

the assessment was high (H).   

o While it could be argued that the likelihood of a rock penetrating the CCL is low (L) it 

is not likely (NL) that that this would result in increased NP beyond performance 

expectations.   

 The risk will be largely managed in the planning and executions stage (short-term) through 

construction methods and construction quality control. 

 Should a rock penetrate the CCL, conservatively the maximum penetration would be 

approximately 50% of the CCL depth.  This coupled with ‘similar’ net percolation simulated 

for a thinner CCL compare to the base case cover system and that the surface area 

disrupted by rock penetration would be small it is not likely that the cover system would 

exceed NP performance criteria.  

Rocks pushing through CCL
Leading to CCL NP increasing beyond design 

performance expectations 
NL H L NL H L

Chemical attack to CCL
Cation exchange calcium displacing sodium. 

Leading to higher than expected NP
NL H L NL H L

Linear shrinkage of clays leading to 

cracks in CCL

Leading to higher than expected NP, affecting 

water quality guidelines in receptors
NL H L L M Mo

Heating changes clay mineralogy
Leading to CCL NP increasing beyond design 

performance expectations 
NL H L

Effect of gas venting on CCL
Leading to CCL NP increasing beyond design 

performance expectations 
NL H L

Erosion of CCL and drainage layer due 

to interflow

Leading to loss of CCL to manage NP and O2 

ingress
L M L NL M L

Wind shear leading to advective drying 

of cover system 

Leading to insufficient moisture for vegetation 

and cracking of CCL
L L Mo NL H L

Operational life of geosynthetic 

hydraulic barrier

Leading to loss of hydraulic conductivity 

properties and NP rates higher than 

performance expectations

L M Mo L H Mo

Disruption of cover system surface

Differential settlement due to differing lift heights, 

Higher water entry than performance 

expectation

L M Mo NL M Mo
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Chemical Attack on the CCL 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and confidence level 

in the assessment was high (H). 

 The risk will be largely managed in the planning and execution stage through 

geochemical screening of the growth medium material.  Should the growth medium 

generate acid rock drainage it is likely that the impact to the CCL would be negligible.   

 

Linear Shrinkage of the CCL 

 The failure mode has a low (L) chance of occurrence, moderate risk rating (Mo) and 

confidence level in the assessment is moderate (M).   

o The likelihood and risk rating increased one level and confidence decreased one level 

in the reassessment: 

 Numerical simulation of matric suction in the CCL were completed using the 

driest ten year period in the 125 year climatic database with increased PE.  While 

it could be argued that the likelihood rating could be not likely, this classification 

may require climate change assessment.  Not likely is a 0.1% chance of 

occurrence or 1 in 1000 years. 

 The confidence rating is based on some uncertainty in material variability at the 

field scale and challenges in predicting cracking. 
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 The failure mode will be largely managed in the planning and execution stage through 

detailed cover system design, construction methods and specification, material selection 

and construction quality control.   

 

Effect of Heating on the CCL Clay Mineralogy 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and the confidence 

level in the assessment is high (H). 

 DumpSim and VADOSE/W predicted maximum temperature in the CCL that would be 

similar to temperatures in the borrow area or in essence natural background 

temperatures.  

 

Effect of Gas venting on the CCL 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and the confidence 

level in the assessment is high (H). 

 Observed gas venting in cover systems restricted to thin water store-and-release cover 

systems that have coarse zones or areas of thinning.   

 Risk mitigated during planning and execution during which thin waste rock lifts and 

advective barriers will be constructed over the existing NOEF.   
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Effect of Internal Erosion on the Drainage Layer and CCL 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and the confidence 

level in the assessment is moderate (M).   

o The moderate confidence rating is based on limited information and conceptual 

assessment.  While erosion of the CCL may occur it is not likely (NL) that it will fail to 

manage oxygen and water ingress.  Any erosion would be localised and simulated 

net percolation with a reduced thickness of CCL had limited effect on net percolation. 

 Low pore-water velocity and lack of conditions to provide a seepage face are unlikely to 

contribute to erosion. 

 Risk can be managed in the planning and execution stage to ensure that adequate lateral 

drainage capacity is available and filter fabrics/material are used to transition water to 

surface limiting potential for seepage face. 

 

Wind Shear Drying of CCL 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and the confidence 

level in the assessment is high (H).   

 VADOSE/W evaluated increased potential evaporation due to different climatic condition 

at the 140 m elevation of NOEF and there is no influence on water storage in CCL. 

 Risk managed in the planning and execution stage to ensure adequate water storage 

capacity in the growth medium.   
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Operational Life of Geosynthetic Barrier 

 The failure mode has a low (L) chance of occurrence, has a moderate (Mo) risk rating and 

the confidence level in the assessment is high (H).   

o Performance of a geomembrane was estimated to be in the range of 1,000 years at 

the in-serve temperature of 20
o
 to 30

o
C. 

 Based on the conceptual model it is likely that the individual consequences could be 

reduced.  For example, the moderate (Mo) cost consequence could potentially be 

reduced to minor (Mi) given that $1M to $10M invested at 1% to 2% would likely cover 

costs of replacing membrane at greater than 500 years.  Legal and Community 

consequences would potentially be reduced to minor as well.  This would reduce the risk 

rating to low for this failure mode. 

 Risk mitigated to an acceptable level through construction quality and assurance and 

detailed design of the cover system in the planning and execution stage. 

 

Effect of Differential Settlement on Barrier Layers 

 The failure mode is not likely (NL) to occur, has a low (L) risk rating and the confidence 

level in the assessment is high (H).   

 The majority of settlement will occur before cover system is placed and as a result 

settlement will be more uniform.  Differential settlement required to disrupt the CCL is not 

likely to occur.   

 Risk is managed through construction of the NOEF in short lifts.   
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