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Abstract 

Closure of large mine facilities (e.g. tailings storage facilities [TSFs]) often requires sourcing large volumes of 

variable material with specific characteristics. Where feasible, identifying and sourcing appropriate material 

in the required volumes from local waste rock landforms (WRLs) is recognised as best closure practice. 

However, many historic WRLs have been constructed without considering the stockpiled materials as a borrow 

resource for future mine closure. 

Material investigations that characterise the composition of the material within a WRL and delineate the 

extent of similar materials are often constrained to the upper surfaces of the WRL. Due to the height and 

variability of material within numerous WRLs, mine closure plans will often include knowledge gaps in 

material suitability and quantities. 

This paper will present how imagery has been used to produce a three-dimensional (3D) resource model of 

two WRLs at the Gold Fields St Ives Gold Mine, located approximately 60 kilometres south of Kalgoorlie, 

Western Australia, and how this has supported the closure design of three TSFs situated adjacent to the WRLs, 

and proposed TSF closure/rehabilitation works. 

The TSF closure plan requires sourcing various material types, including coarse fractured rock material for 

erosion protection on existing embankments, clean and competent material for construction of new roadways 

and spillways, and fines material with suitable physical and chemical properties to support long-term 

vegetative growth to cover the TSF surface. Each of these closure material types will be sourced from specific 

predetermined zones using the 3D resource model of the WRLs. 

Gold Fields and Stantec worked together to correlate mine pit geology, historical aerial imagery and aerial 

elevation data, and material characterisation data to develop a 3D model that provides zones of waste rock 

materials having the required physical, chemical, geochemical, and geotechnical properties needed for the 

proposed cover systems and uses. 

Mapping and delineating the zones of similar material, in a 3D resource model, that can then be quantified 

and targeted during closure planning and implementation is key to a cost-effective method of sourcing the 

different material types needed for closure. Delineations are produced through having a sound understanding 

of the site geology, enhanced by reviewing details related to the mining of the deposits from which the waste 

rock material was excavated, including historical aerial images and numerous material characterisation test 

results of samples collected near the WRL surface at targeted locations. 
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A challenge with all closure planning projects is incorporating the information developed during the 

investigation and planning phases into the closure design. This paper presents the methodology behind the 

successful closure planning approach that has been implemented at the St Ives Gold Mine to reduce 

uncertainties in material volumes and establish a forward work plan for mining-specific units of waste rock 

that will result in effective management of this closure risk. The paper concludes with lessons learned and 

recommendations for how miners might plan to better facilitate future use of historic WRL material for mine 

closure. 
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1 Introduction 

Closure of large mine facilities (e.g. tailings storage facilities [TSFs]) often requires sourcing large volumes of 

variable material with specific characteristics. Where feasible, identifying and sourcing appropriate material 

in the required volumes from local waste rock landforms (WRLs) is recognised as best closure practice. 

As demonstrated in the proceedings of previous Mine Closure Conferences, many historic WRLs have been 

constructed without considering the stockpiled materials as a borrow resource for future mine closure. 

In many countries, including Australia, a comprehensive mine closure plan (MCP) includes detail on the 

rehabilitation strategy required during the operation, closure, and post-closure stages. Additional to the 

statutory regulatory requirements, Gold Fields also has Internal Group Management Standards and 

Guidelines for TSFs, which stipulate that a definitive lifecycle plan must be in place for each TSF, from 

conception to closure. 

In this paper, the authors present a method where imagery is used to produce a 3D resource model of two 

WRLs. The application of this method has been used to support the development of a materials inventory 

and the closure design of three TSFs located adjacent to the WRLs. 

The St Ives Gold Mine is in the Coolgardie Mineral Field, in the Eastern Goldfields of Western Australia, within 

the Shire of Coolgardie, approximately 60 kilometres south of Kalgoorlie (Figure 1). The mine first 

commenced operation in 1919. The main gold-bearing deposit, which exceeds 30 km in length, is accessed 

via separate satellite mining areas comprising open pit and underground mines. Gold mineralisation is hosted 

within the south-central part of the Kambalda Domain, a subset of the Archaean Norseman-Wiluna 

Greenstone Belt. 

Within the Argo mining area, the Precambrian geology is typically overlain by sediments of the Cainozoic 

Units and a deep zone of weathered material referred to as the saprolith. The underlying Precambrian 

geology is dominated by the condenser dolerite, Paringa basalt, Athena basalt, and sediments of the Black 

Flag Beds stratigraphic units. These major stratigraphic units are intersected by minor unclassified 

metasediments, Felsic to Intermediate Intrusions, and Proterozoic Mafic Dykes. 

Waste rock from the Apollo and Argo Open Pits and Argo Underground was stockpiled in two WRLs known 

as the Argo North WRL and the Argo West WRL. Construction of the Argo North WRL commenced in 1992 

and continued until final deposition in 2011; in 2022, it comprises 15.6 million cubic metres of mined waste 

with variable properties. Construction of the Argo West WRL commenced in 1999/2000 and continued 

through to 2002; in 2022, the Argo West WRL comprises 4.5 million cubic metres of mined waste. 
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Figure 1 Regional location 

1.1 Integrating material properties and engineering constraints 

Achieving the best outcome within the site constraints depends on having the best possible knowledge of 

material properties, and what is required from the material to meet closure criteria and end land use, such 

as supporting vegetation or providing erosion resistance in an emergency spillway. 

Many of the mined waste’s physical, chemical, geochemical, and geotechnical properties are intrinsic 

properties that cannot be ameliorated. Therefore, one of the most effective outcomes from waste 

characterisation studies is the determination of the properties of the mined waste materials concerning their 

value in rehabilitation (e.g. is the material suitable as benign, durable rip rap?). 

The benefits of an enhanced understanding of the mined waste materials during the development of an 

engineering design cannot be underestimated and is intrinsically linked to the successful design, 

construction, and performance of cover designs on TSFs. 

2 Nature of the mined waste 

Due to the height and variability of material within historic WRLs, MCPs will often include knowledge gaps 

on material suitability and quantities. Investigations into the properties of the mined waste, which occur 

post-construction of a WRL, are frequently determined through limited field and laboratory characterisation 

and waste placement records (if they exist). 

The proximity of the two Argo WRLs to the three St Ives Gold Mine TSFs that Gold Fields are progressively 

decommissioning meant that these landforms were identified as a potential source of rehabilitation material 

in the St Ives Gold Mine 2016 MCP. Mined waste in proximity to a large closure project can reduce the cost 

of closure by reducing the haul distance; additional benefits include eliminating the requirement for new 

disturbance, reducing the carbon footprint associated with a large project, and reducing the extent of 

earthworks required to progressively close an unrehabilitated WRL. 

The waste rock materials within the Argo North and Argo West WRLs were initially sampled in 2017 and 2018. 

This program comprised 19 surface (0 to 30 centimetres) and 30 subsurface (up to 7 m in depth) samples 

from the two WRLs. The physical, chemical, and static geochemical properties of all 49 samples were 

assessed. Physical characteristics that were assessed include soil texture, particle size distribution, Emerson 
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Class, modulus of rupture (soil strength), saturated hydraulic conductivity (Ksat), and water retention. 

Chemical characteristics that were assessed include soil pH, salinity, exchangeable cations and exchangeable 

sodium percentage, soil organic carbon and plant available nutrients. Initial geochemical characteristics 

included acid generation potential, elements of potential environmental concern, and water-soluble 

elements. Secondary geochemical assessments, undertaken utilising an Acid and Metalliferous Drainage 

(AMD) Assessment and Classification software (AMDAct®), assigned a detailed risk classification for the 

potential to generate AMD, neutral metalliferous drainage and saline drainage. No geotechnical assessment 

of the material was included in this initial analysis. 

Following analyses of the results, eight material types were identified and a two-dimensional (2D) figure 

depicting the surface distribution of the materials over the two WRLs and their suitability for use or not within 

the proposed rehabilitation works was populated. At this point, neither stratigraphic nor lithological 

classifications were available to support the characterisation programs. However, the results of this initial 

characterisation program supported the potential utilisation of some of the material within these landforms 

as a source of rehabilitation material for the three TSFs. 

Although the source material for the Argo North and Argo West WRLs is from a common area, the materials 

contained within each landform vary due to the sequence of mining and inherent variations across the 

deposits. Based on the geology of the Argo mining area, the 2017–2018 characterisation program identified 

that it is likely that the competent rock contained within the Argo West WRL was sourced from the dolerite 

(primary) and basalt (secondary) lithological units. In the Argo North WRL, the competent rock is likely to be 

primarily from the basalt lithology, with dolerite as the secondary lithology. Oxide, caprock and laterites have 

been classified within the Saprolith and Cainozoic unit (tertiary sediments) stratigraphic units. These units 

are likely to comprise partially weathered (transitional) and completely weathered (oxides) materials. Oxide 

samples from this program have been relabelled as oxide-transitional to align with the overall weathering 

profile. Sediments and metasediments from the Black Flag Beds have also been mined. However, the Felsic 

to Intermediate Intrusions are likely to contribute to a more significant portion of the transitional to highly 

weathered material within the Argo North WRL. 

In December 2020, an additional 33 samples from nine test pits were collected from the Argo North and Argo 

West WRLs. The depth of these test pits was constrained by the excavator’s reach, with most test pits 

reaching a depth of only three metres. The authors acknowledge that the test pits are only representative of 

the areas sampled, but add to the overall knowledge base assessing the WRL properties for reclamation 

purposes. We have greater confidence in the materials in some areas than others. As a result additional 

sampling at the Argo North WRL was performed to complement the existing knowledge base. Waste rock 

material types were also targeted for specific analyses, to better understand the particle size distribution and 

geotechnical properties (durability via aggregate abrasion, particle density and water absorption). 

Measuring the geotechnical (physical durability) properties of the waste rock allows an assessment of its 

long-term longevity as a rehabilitation material in mine closure. The closure plan for the TSFs includes 

construction of surface water drainage facilities to convey stormwater flows and protect against erosion. 

Central to the surface water drainage plan is the construction of a spillway ramp designed to convey surface 

water collected at the top of each TSF to the native ground elevation via a riprap armoured channel. 

The LA abrasion test was undertaken to ascertain if the available material could be utilised within the TSF 

spillway channels, as these channels will require long-term performance post-closure. Other test work 

conducted to assess rock durability included rock density and water absorption. Rock characterised by low 

density will tend to be less durable due to a higher porosity value. These properties will lower resistance to 

weathering, considering the cycle of wetting and drying, temperature changes or internal stresses caused by 

salt crystallisation to which the rocks will possibly be exposed. 

The characterisation results from both programs were collated to provide a comprehensive knowledge base 

of their physical, chemical, and geochemical properties for each landform, and an updated 2D figure. There 

was, however, uncertainty regarding the extent of the waste units within the landforms. The uncertainty in 

the characterisation of mined waste units within a WRL is much more significant than that used in most other 
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engineering disciplines. To mitigate a degree of uncertainty in the mined waste rock contained at depth 

within the Argo WRLs, Gold Fields and Stantec worked together to correlate the Argo mining area geology 

and mining history (e.g. when cutbacks occurred, and mining of fresh rock commenced). 

3 Spatial analysis 

A review of the historical aerial imagery and aerial elevation data was identified as an additional method for 

understanding the extent of the waste units within the WRLs. However, it was acknowledged that before 

conducting this review the classification of the material would need to be as straightforward as possible. 

Utilising the material characterisation knowledge base built on the physical, chemical, geochemical, and 

geotechnical properties, the initial eight material classifications were consolidated into four material 

classifications. The description assigned to each of these classifications is presented in Table 1. 

Table 1 Material classification and description 

Material classification Description 

Oxide-transitional Cainozoic unit (tertiary sediments) and saprolith. 

Competent rock Condenser dolerite and Paringa basalt are the 

major waste lithologies. Black Flag Beds and felsic 

to intermediate Intrusions have been observed on 

the WRL. However, they are expected to be a 

relatively low proportion of the bulk waste 

lithologies. 

Competent rock/oxide-transitional blend Blend of competent rock and oxide-transitional 

materials, as described above. 

Competent rock with oxide-transitional/topsoil 

cover 

Competent rock (as described above) with a cover 

of at least 0.5 m oxide-transitional material and 

topsoil for rehabilitation purposes. 

All the available contour data was then collated into a sequence of frames that depict the construction of the 

WRLs over time. Using the four broad material classifications (Table 1), a construction timeline for the Argo 

WRLs, which identified the location of the different materials within the WRL, was developed. The 

construction timeline using this review method is presented in Figure 2 for the Argo North WRL and Figure 3 

for the Argo West WRL. 

The available contour data and time-lapse mapping (depicted in Figures 2 and 3) were used to assess the 

volume of each of the four broad material categories. Where contours were unavailable, simple estimation 

tools (based on polygonal areas) were utilised to estimate the volume. It is recognised that limitations exist 

concerning the review of contour data used to calculate volumes for the Argo North and Argo West WRLs. 

Definition of the material contained at depth within the Argo landforms is restricted to a review of aerial 

imagery taken at one point in time annually, which consequently results in uncertainty around material 

placement. Additionally, the material within the Argo North landform is inherently variable. 
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Figure 2 Argo North WRL material deposition time lapse 
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Figure 3 Argo West WRL material deposition time lapse 
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4 Specific material criteria 

As the closure/rehabilitation plan for the three TSFs progressed, material criteria specific to the individual 

rehabilitation areas (e.g. access ramp fill, perimeter haul roads, embankment slopes, and the TSF upper 

surface) have been developed. As an example, materials to be used for erosion resistance in an emergency 

spillway in the closure design must be: 

• Coarse gravel with high drainage capacity. 

• Angular with interlocking particles. 

• Hard and durable. 

• Free of adverse materials that may be harmful to the receiving environment or deleterious to 

closure outcomes. 

• Free of rubbish and organic material. 

This requirement for material with specific criteria led to a review of the four material classifications (see 

Table 1) against the specific material requirements, culminating in assigning a material ‘type’ to each material 

‘classification’, as shown in Table 2. The known physical, chemical, geochemical, and geotechnical properties 

of the material underlie the specific material criteria (e.g. stability, or ability to support revegetation) and 

were utilised to define the appropriate uses, as identified in Table 2. 

Table 2 Closure construction material types and descriptions 

Material 

type 
Material classification Description Uses 

Type 1 Competent rock A homogenous unit of benign, 

clean waste rock. The material is 

hard angular stone with gradation 

composed primarily of gravel, 

cobble, and boulder-sized 

materials. 

Suitable for armouring/erosion 

protection on embankment 

slopes and as rockfill in 

drainage channels. Not 

suitable for cover material on 

the top of the TSFs or areas 

requiring vegetation. 

Type 2 Competent rock/ 

oxide-transitional 

blend 

A heterogenous unit composed of 

benign competent (type 1) and 

transitional waste units. This 

material may be used for closure 

tasks. 

Suitable for specific closure 

tasks, such as the construction 

of the skybridge rockfill ramp 

and TSF perimeter haul roads. 

Type 3 Oxide-transitional A blend of upper profile materials 

that is generically referred to as 

oxide. 

Suitable as a primary source of 

surface cover material and 

should be utilised on the upper 

flat surface of the TSFs. Not 

suitable for use on 

embankments or in drains. 

Type 4 This material could not 

be mapped using aerial 

imagery 

Adverse materials that may be 

harmful to the receiving 

environment or deleterious to 

closure outcomes. 

Isolated locations of type 4 

material may be contained within 

the type 1, 2 and 3 classifications. 

Not suitable for proposed TSF 

closure and rehabilitation 

works. 

Using imagery to develop a 3D resource model of waste rock landforms for closure design K Bennett et al.

836 Mine Closure 2022, Brisbane, Australia



Material 

type 
Material classification Description Uses 

Where identified, the material 

should be selectively handled as 

much as practicable within the 

constraints of the contracted 

equipment. 

Type 5 Competent rock with 

oxide-transitional/ 

topsoil cover 

Rehabilitated areas within the 

WRL that should be excluded from 

reclamation works where possible. 

Where feasible, this unit is to 

remain in situ. 

5 Development of a 3D resource model 

In recognition that understanding the volume and the availability of the material types identified would be 

essential to the successful delivery of this project, Stantec looked to implement a different method for 

estimating the material volumes and providing mine closure operators with practical illustrations of where 

they are likely to encounter the various material types within the landforms. 

The method used to produce a 3D resource model of two WRLs at St Ives Gold Mine included the following 

steps: 

 Material classification delineations (see Figures 2 and 3) were draped over the available historic 

topography data using Global Mapper® software to create a series of images. The Argo North WRL 

series is depicted in Figure 4. Cross-sectional interpretations of the material layering were made 

manually. The cross-section alignment was targeted to capture all major classification layers 

(see Figure 5). 

 The material classification delineations were then reinterpreted according to the material type. It is 

recognised that the material types are very broad and that the type 1 material was identified, for 

this project, as the critical material type in terms of requirement. The durability properties of the 

Type 1 material are a key differentiator between the type 1 and type 2 material; hence, lesser 

understood deposits were marked as type 2 rather than type 1. The resulting delineations of the 

reinterpreted stockpile material types are illustrated in Figure 6 for the Argo North WRL. 

 Adverse materials (type 4 material) that were not identified in the historical aerial imagery but 

could be observed at the surface of the existing WRL have also been included in the WRL material 

delineation plans. 

 Using AutoCAD Civil 3D® software, the material type delineations were interpreted to the most 

recent stockpile topography, and drawing sheets were prepared for incorporation into the site 

closure workplans, as shown in Figure 7 and Figure 8. Figure 7 presents a plan view depiction of the 

stockpile material delineations for the Argo North WRL. Figure 8 illustrates a cross-sectional view 

corresponding to the cross-section callouts provided in the plan view figure. 

 These delineations are continuously updated as additional information becomes available. 
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Figure 5 Cross-section A-A with manual interpretations of the material classification layering in the Argo 

North WRL 

 

Figure 6 Cross-section A-A with manual interpretations of the material types in the Argo North WRL 
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Technical guidelines have been produced outlining the types of material the operators are likely to encounter 

when moving material sourced from within the two St Ives Gold Mine WRLs. These have been used in field 

training of St Ives Gold Mine staff regarding material suitability. It is recognised that ongoing assessment of 

mine waste (particularly at depth) will continue to be required to facilitate optimal reclamation and utilisation 

in closure works. 

6 Conclusion 

Closure of large mine facilities (e.g. TSFs) often requires sourcing large volumes of variable material with 

specific characteristics. Where feasible, identifying and sourcing appropriate material in the required 

volumes from local WRLs is recognised as best closure practice. 

Achieving the best outcome within the site constraints depends on having the best possible knowledge of 

material properties and what is required from the material in terms of end land use – for example, will the 

material be used for cover systems that support vegetation or provide erosion resistance in an emergency 

spillway? This paper presented a methodology for developing a 3D resource model for two WRLs, and how 

the outcomes of this model will be utilised to guide professional staff who need to source material during 

the progressive closure of three TSFs at the St Ives Gold Mine. 

The method described combined material characterisation, a review of the historical aerial imagery and aerial 

elevation data for the WRL, estimation of material volumes of like material types through time-lapse 

mapping, the definition of material types required for closure, utilisation of Global Mapper® software and 

further definition of volumes and material locations in the WRL. This approach is ideal for historical WRLs, 

where the knowledge base is either limited or non-existent. The lessons learned for newer landforms are to 

leverage available designs/records to better inform mapping and delineation of material types/volumes. 

As demonstrated, the development of a 3D model of the WRLs can be a powerful tool for mine closure as it 

integrates the nature of the mine waste with engineering requirements to facilitate effective material 

deployment and enable a cost-effective method for movement of the waste rock during large closure 

projects with reduced risk. The approach presented in this paper is adaptable for many mine sites and is a 

good example of optimisation and creativity in developing sustainable mine closure systems. 
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