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ABSTRACT 

 

 Technologies utilized for the disposal of slurry, paste, thickened, and filtered tailings include 

containment within impoundments, open pit backfill, submarine placement, underground backfill, tailings 

and waste rock combined disposal, and dry stack placement. Each technology has inherent 

environmental, social, and economic drivers to be considered during mine planning. Geotechnical and 

geochemical properties of the tailings, and site-specific design constraints will also drive the selection of a 

disposal technology. Alternative technologies should be developed to address the increase in volume of 

tailings generated as lower grade ore is extracted, and to minimize risk associated with current 

technologies. Understanding the key drivers for selection of existing technologies is a necessary 

precursor to the future development of alternative technologies.  

 This thesis presents a qualitative risk assessment of environmental, social, economic, 

geotechnical, geochemical, and site-specific elements utilized in selection of a tailings disposal 

technology. United States regulations and international guidelines for tailings disposal, and general 

industry accepted goals for current disposal technologies are summarized. Copper deposit geology, ore 

processing methods and available disposal technologies are described.  

 Results of the qualitative assessment include the identification of critical, high, moderate, and low 

ranked drivers for the selection of each tailings disposal technology. Critical and high ranked elements 

are recognized as key drivers for consideration during the selection of each tailings disposal technology. 

Key drivers for all technologies include the political and regulatory climate, investor confidence, and the 

acid generation and neutralization potential of the tailings. Key drivers for consideration during the 

selection of all surface disposal technologies also include land disturbance, construction cost, and the 

availability of local materials for construction. Understanding the key drivers for each disposal technology 

will assist the selection of a suitable, site-specific technology, and is a necessary precursor to the future 

development of alternative technologies.   



iv 
 

TABLE OF CONTENTS 

 

ABSTRACT ................................................................................................................................................... iii 

LIST OF FIGURES ...................................................................................................................................... viii 

LIST OF TABLES ......................................................................................................................................... ix 

LIST OF ACRONYMS ................................................................................................................................... x 

ACKNOWLEDGEMENTS ............................................................................................................................ xii 

CHAPTER 1 INTRODUCTION ..................................................................................................................... 1 

1.1 Problem Statement ............................................................................................................. 1 

1.2 Research Focus .................................................................................................................. 2 

1.3 Thesis Outline ..................................................................................................................... 3 

CHAPTER 2 BACKGROUND ....................................................................................................................... 4 

2.1 Regulations and Guidance for Tailings Disposal ................................................................ 4 

2.2 Economic, Social and Economic Elements of Tailings Disposal ........................................ 8 

2.2.1 Environmental Elements ...................................................................................... 10 

2.2.2 Social Elements ................................................................................................... 11 

2.2.3 Economic Elements ............................................................................................. 12 

2.3 Goals for Current Tailings Disposal Technologies ............................................................ 13 

CHAPTER 3 GENERATION OF TAILINGS FROM COPPER EXTRACTION  .......................................... 15 

3.1 Copper Deposits ............................................................................................................... 15 

3.2 Copper Ore Processing .................................................................................................... 16 

3.2.1 Sulfide Ores ......................................................................................................... 17 

3.2.2 Oxide Ores ........................................................................................................... 19 

3.3 Processed Tailings ............................................................................................................ 20 

3.3.1 Conventional Tailings Slurry ................................................................................ 21 

3.3.2 Thickened and Paste Tailings .............................................................................. 22 



v 
 

3.3.3 Filtered Tailings .................................................................................................... 24 

CHAPTER 4 TAILINGS CHARACTERISTICS ........................................................................................... 25 

4.1 Geotechnical Properties .................................................................................................... 25 

4.1.1 Grain Size Distribution ......................................................................................... 25 

4.1.2 Atterberg Limits .................................................................................................... 27 

4.1.3 Specific Gravity, Void Ratio, and Density ............................................................ 28 

4.1.4 Permeability ......................................................................................................... 29 

4.1.5 Shear Strength ..................................................................................................... 30 

4.2 Geochemical Properties .................................................................................................... 31 

4.2.1 Mineralogy ............................................................................................................ 32 

4.2.2 Acid Generation Potential .................................................................................... 32 

4.2.3 Net Acid Generation pH ....................................................................................... 33 

4.2.4 Leachability .......................................................................................................... 33 

4.2.5 Rate of Oxidation ................................................................................................. 33 

4.3 Design Considerations ...................................................................................................... 33 

4.3.1 Surface Water and Groundwater ......................................................................... 34 

4.3.2 Capacity ............................................................................................................... 34 

4.3.3 Consolidation and Settlement .............................................................................. 35 

4.3.4 Stability ................................................................................................................. 35 

CHAPTER 5 TAILINGS DISPOSAL TECHNOLOGIES .............................................................................. 37 

5.1 Site-Specific Considerations ............................................................................................. 37 

5.1.1 Location ................................................................................................................ 37 

5.1.2 Climate ................................................................................................................. 38 

5.1.3 Geology ................................................................................................................ 39 

5.1.4 Surface Water and Groundwater ......................................................................... 39 

5.2 Impoundment Tailings Disposal Technology .................................................................... 39 

5.2.1 Construction Methods .......................................................................................... 40 

5.2.2 Disposal Technology Considerations .................................................................. 42 



vi 
 

5.3 Submarine Placement Tailings Disposal Technology ....................................................... 43 

5.4 Open Pit Backfill Tailings Disposal Technology ................................................................ 43 

5.5 Tailings and Waste Rock Combined Placement Disposal Technology ............................ 44 

5.5.1 Construction Methods .......................................................................................... 44 

5.5.2 Disposal Technology Considerations .................................................................. 46 

5.6 Underground Backfill Tailings Disposal Technology ......................................................... 46 

5.7 Dry Stack Tailings Disposal Technology........................................................................... 47 

5.8 Other Technologies ........................................................................................................... 48 

CHAPTER 6 QUALITATIVE RISK ASSESSMENT OF TAILINGS DISPOSAL TECHNOLOGIES ............ 49 

6.1 Environmental, Social, and Economic Elements .............................................................. 50 

6.1.1 Qualitative Risk Assessment – Environmental Elements .................................... 50 

6.1.2 Qualitative Risk Assessment – Social Elements ................................................. 53 

6.1.3 Qualitative Risk Assessment – Economic Elements ........................................... 55 

6.2 Qualitative Risk Assessment – Geotechnical and Geochemical Elements ...................... 58 

6.3 Qualitative Risk Assessment – Site-Specific Elements .................................................... 61 

6.3.1 Location ................................................................................................................ 61 

6.3.2 Climate ................................................................................................................. 64 

6.3.3 Geology ................................................................................................................ 65 

6.3.4 Water .................................................................................................................... 65 

6.4 Summary of Results .......................................................................................................... 66 

6.4.1 Key Drivers ........................................................................................................... 66 

6.4.2 Moderate Ranked Drivers .................................................................................... 68 

6.4.3 Low Ranked Drivers ............................................................................................. 68 

6.4.4 Impoundment Disposal Technology Drivers ........................................................ 71 

6.4.5 Tailings and Waste Rock Disposal Technology Drivers ...................................... 71 

6.4.6 Dry Stack Disposal Technology Drivers .............................................................. 77 

6.4.7 Submarine Disposal Technology Drivers ............................................................. 77 

6.4.8 Open Pit Backfill Disposal Technology Drivers .................................................... 77 



vii 
 

6.4.9 Underground Backfill Disposal Technology Drivers ............................................. 81 

CHAPTER 7 CONCLUSIONS .................................................................................................................... 84 

7.1 Summary of Work ............................................................................................................. 84 

7.2q Recommendations for Future Research ........................................................................... 84 

REFERENCES ............................................................................................................................................ 86 

 

  



viii 
 

 LIST OF FIGURES 

 

Figure 2.1 Social, environmental, and economic elements of tailings disposal …………………........ 9 
 
Figure 3.1 Typical copper sulfide ore processing system flow diagram. Adapted from the Copper 

Development Association (2017) ……………………………......…………………...…..…. 18 
 
Figure 3.2 Typical copper oxide ore processing system flow diagram. Adapted from the Copper 

Development  Association (2017)…………………………………………………….…..….. 20 
 
Figure 3.3 Typical tailings thickeners. Adapted from Paterson & Cooke (2017) …….…….…...…… 21 
 
Figure 5.1 Generalized cross section of the downstream, centerline, and upstream 

configurations for construction of the impoundment tailings disposal technology.  
Adapted from Vick (1990) and the State Government of Victoria (2016) ….……………. 41 

 
Figure 5.2 Generalized cross section of the open pit backfill tailings disposal technology …….….. 44 
 
Figure 5.3 Generalized cross section of the tailings and waste rock combined placement 

disposal technology ………………………………...…………………………………………. 45 
 
Figure 6.1 Drivers for consideration during selection of the impoundment tailings disposal  

technology, downstream construction method ..………………………….……….……….. 72 
 
Figure 6.2 Drivers for consideration during selection of the impoundment tailings disposal  

technology, centerline construction method ..…………….……………………….……….. 73 
 
Figure 6.3 Drivers for consideration during selection of the impoundment tailings disposal  

technology, upstream construction method ………………………………………….…….. 74 
 
Figure 6.4 Drivers for consideration during selection of the tailings and waste rock co-disposal 

technology ………………………………………………………………………...………..….. 75 
 
Figure 6.5 Drivers for consideration during selection of the tailings and waste rock co-mingle 

disposal technology ..……………………………………………………………………...….. 76 
 
Figure 6.6 Drivers for consideration during selection of the dry stack tailings disposal  

technology ……………………………………………………………..………………………. 78  
 
Figure 6.7 Drivers for consideration during selection of the submarine placement tailings  

disposal technology .……………………………………………………………………….….. 79  
 
Figure 6.8 Drivers for consideration during selection of the open pit backfill tailings disposal 

technology ……………………………………………………………………....……………... 80  
 
Figure 6.9 Drivers for consideration during selection of the thickened underground backfill   

tailings disposal technology ..………………………………………………………………… 82 
 
Figure 6.10 Drivers for consideration during selection of the paste underground backfill tailings  

Disposal technology ……………………………………………………………………….….. 83 

 

 



ix 
 

LIST OF TABLES 
 

Table 3.1 Tailings dewatering characteristics and transport methods (Barrera and Caldwell 2015,  
Edraki et al. 2014, Franks et al. 2011) ………………...….……………………………….... 22 

 
Table 6.1 Risk matrix for assessment of the likelihood and severity of an element to influence  

selection of a disposal technology ..…...…………………………………..………...……… 49 
 

Table 6.2 Summary of the qualitative risk assessment for environmental elements ………...…..... 51 
 
Table 6.3 Summary of the qualitative risk assessment for social elements ………………………... 54 
 
Table 6.4 Summary of the qualitative risk assessment for economic elements ………………….... 56 

 
Table 6.5 Summary of the qualitative risk assessment for geotechnical and geochemical 

elements ……………………………………………………………………...………………… 59 
 
Table 6.6 Summary of the qualitative risk assessment for site-specific location and climate  

elements ………………………………………………………………………………..…….... 62 
 
Table 6.7 Summary of the qualitative risk assessment for site-specific geology and water  
  elements …………………………………………………..………………….………………… 63 
 
Table 6.8 Summary of key drivers for consideration during the selection of each tailings   
  disposal technology ……………………………………………………………….…………... 67 
 
Table 6.9 Summary of moderate ranked drivers for consideration during the selection of each 
  tailings disposal technology ...…………………………………………………….………….. 69 
 
Table 6.10 Summary of low ranked drivers for consideration during the selection of each tailings 
  disposal technology ...…………………………………………………………………….…… 70 
 

  



x 
 

LIST OF ACRONYMS 

 

Acid Base Accounting …………………………………………………………………………………………. ABA 

Acid Generation Potential ……………………..……………………………………………………………… AGP 

Acid Mine Drainage ……………………………………..…………………………………………………….. AMD 

Acid Neutralization Potential …………………………………………….……………………………………. ANP 

American Society for Testing Materials ………………………………………………..………………….. ASTM 

Canadian Dam Association ………………………………………………………………………..…………. CDA 

Clean Air Act …………………………………………………………………………..……………………….. CAA 

Clean Water Act ……………………………………………………………………………………………….. CWA 

Comprehensive Environmental Response, Compensation, and Liability Act ……………………… CERCLA 

Copper Development Association ……………………………………………………….…………………. CuDA 

Department of Mines and Petroleum …………………………………………………..……………………. DMP 

Global Acid Rock Drainage ………………………………………………………………………….……… GARD 

International Commission on Large Dams ………………………………………………………..……… ICOLD 

International Copper Study Group ………………………………………………………………………….. ICSG 

International Council on Metals and the Environment ………………………………………….………… ICME 

International Council on Mining & Metals ………………………………………………………………….. ICMM 

International Institute for Environment and Development ………………………………………………….. IIED 

International Network for Acid Prevention ………………………………………………….………………. INAP 

International Organization for Standardization ………………………………………………………………. ISO 

Iron Oxide Copper Gold ……………………………………………………………………………………… IOCG 

Lead and Copper Rule ………………………………………………………..……………………………….. LCR 

Meteoric Water Mobility Procedure …………………………………….…………………………………. MWMP 

Mine Environment Neutral Drainage ……………………………………………………….……………… MEND 

Mining Association of Canada ……………………………………………….………………………………. MAC 

Mining, Minerals and Sustainable Development …………………………………………………………. MMSD 

Net Acid Generation …………………………………………………………………….…………………….. NAG 

Resource Conservation and Recovery Act ………………………………………………….……………. RCRA 



xi 
 

Solvent Extraction / Electrowinning ……………………………………………………………………….. SX/EW 

Unified Soil Classification System …………………………………………….……………………………. USCS 

United Nations Environmental Program ………………………………...…………………………………. UNEP 

United States Environmental Protection Agency ………………………………..……………………… USEPA 

Volcanic Massive Sulfide ……………………………………………………………………………………… VMS 



xii 
 

ACKNOWLEDGEMENTS 

 

 This thesis would not have been possible without the support and encouragement from several 

people. I am grateful for the guidance and support provided by my advisors, Dr. Priscilla Nelson and Dr. 

Linda Figueroa, during completion of this thesis. I am also thankful for the input and vision provided by 

the members of my committee, Dr. Elizabeth Holley and Dr. Erik Spiller. 

 A very special thank you to my partner, whose love, encouragement, support, and laughter has 

strengthened the foundation of my life. Thank you also to my family for supplying me with the courage to 

continue along this amazing journey.  

  



xiii 
 

For my mother. 

  



1 
 

 

CHAPTER 1  

 
INTRODUCTION 

 
Singer et al. (2005) compiled a database of known ore grades for porphyry copper deposits in 

locations worldwide, and reported grades between 0.2 and 0.8 percent copper, with an average grade of 

0.5 percent. After copper and other mineral(s) of economic value are extracted from the ore, the 

remaining material is disposed of as tailings. Ore processing methods for mineral extraction utilize water 

and a variety of chemicals that are likely to be present within the disposed tailings, and must be 

accounted for in the selection and implementation of a tailings disposal technology. Tailings differ in 

geotechnical and geochemical properties from unprocessed waste rock, and separate disposal practices 

for each material have been developed.  

Tailings disposal practices have evolved with the advancement of mining and mineral processing 

technology, and the development of regulations and international guidance, from downgradient disposal 

practices with minimal design to engineered on-site disposal. Mining companies, local communities, 

government entities, regulators, scientists, and engineers within the mining industry continuously strive to 

improve the design, operation, and closure technologies and practices for tailings disposal. In addition to 

minimizing economic cost, minimizing the tailings disposal facility’s environmental and social influence 

has become a goal for the selection of a disposal technology. It has been reported that failure of tailings 

dams occurs globally at a rate of two to five facilities per year (Davies 2002, Azam and Li 2010). The 

recent failure of the Mount Polley copper and gold tailings dam in 2014 highlighted consequences 

associated with large disposal facilities, and adversely impacted the general public’s view of the mining 

industry’s tailings disposal practices (Schoenberger 2016).  

1.1 Problem Statement 

Current tailings disposal technologies and practices have inherent environmental, social, and 

economic drivers to be considered for selection during mine planning. Geotechnical and geochemical 

properties of the tailings, and site-specific design constraints will also drive the selection of a disposal 
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technology. Alternative disposal technologies should be developed to address the increase in volume of 

tailings generated as lower grade ore is extracted, and to minimize risk associated with current disposal 

technologies. A qualitative risk assessment for current copper tailings disposal technologies was 

performed to identify the key drivers for selection of each disposal technology, which is a necessary 

precursor to the future development of alternative disposal technologies.  

1.2 Research Focus 

This thesis presents a literature review of current disposal practices for tailings resulting from 

copper extraction processes. Tailings are highly variable based on the mineralogy of the ore, and the 

physical and chemical processing the ore was subjected to (Osanloo et al. 2008). The scope of research 

was restricted to current disposal technologies for copper tailings, in order to gain an understanding of 

copper mineral processing, and the physical and chemical characteristics of copper tailings. Information 

presented in this thesis has been collected from published articles, conference proceedings, seminars, 

and the author’s practical experience with tailings management and disposal facility design. A qualitative 

assessment of risks associated with each disposal technology was performed to identify key drivers for 

selection, and recommendations for future research are included.  

Processing methods for both sulfide and oxide copper ores are described, and the resulting 

processed tailings are classified as conventional slurry, paste, thickened, or filtered based on the percent 

solids content. The current tailings disposal technologies available include: impoundment, open pit 

backfill, underground backfill, dry stack, tailings and waste rock co-disposal and co-mingling, and 

submarine placement. Alternative technologies currently in development by others are also briefly 

described. Environmental, social, economic, geotechnical, geochemical, and site-specific categories were 

identified for the risk assessment. Elements within each category were selected and ranked based on the 

potential influence (impact) of the element. Critical and high ranked elements were identified as key 

drivers for consideration during selection of a tailings disposal technology.  
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1.3 Thesis Outline 

This thesis is divided into seven chapters and presents a literature review and qualitative risk 

assessment of the mining industry’s copper tailing disposal practices. A brief description of each chapter 

is included below. 

Chapter 1 – Introduction: This chapter presents a problem statement and research focus. 

Chapter 2 – Background: This chapter chronicles the regulations applicable to, and guidance 

documents available for tailings disposal; summarizes potential environmental, 

social, and economic influences resulting from tailings disposal; and outlines goals 

for current tailings disposal technologies. 

Chapter 3 – Generation of Tailings from Copper Extraction: This chapter describes the 

variety of copper deposits, copper ore processing methods, and characteristics of 

the resulting processed tailings.  

Chapter 4 – Tailings Characteristics: This chapter describes key geotechnical and 

geochemical properties of tailings, laboratory test methods, and design 

considerations for the selection of a disposal technology.  

Chapter 5 – Tailings Disposal Technologies: This chapter summarizes current tailings disposal 

technologies and alternative technologies currently in development by others.  

Chapter 6 – Qualitative Risk Assessment of Tailings Disposal Technologies: This chapter 

presents a qualitative assessment of risk for current copper tailings disposal 

technologies. 

Chapter 7 – Conclusions: This chapter concludes the thesis with a summary of work performed 

and recommendations for future research. 

  



4 
 

 

CHAPTER 2 

 
BACKGROUND 

 
Mining for copper has been ongoing for the past 10,000 years (ICSG 2014). Copper is present in 

several alloys and is found naturally in plants and animals. It is malleable, ductile, corrosion resistant, and 

a conductor of electricity (CuDA 2017, Perkins 2001). Copper extraction, processing, and tailings disposal 

technologies vary based on site-specific requirements. The advancement of tailings disposal practices 

within the United States has been largely driven by an increase in the quantity of tailings material 

generated as lower grade ores are extracted, and the establishment of federal regulations developed by 

the United States Environmental Protection Agency (USEPA) to protect “human health and the 

environment.” Global guidelines have also been developed by collaborative international organizations for 

tailings disposal practices and are summarized below.  

2.1 Regulations and Guidance for Tailings Disposal 

Tailings are mine waste and currently generate no economic value, therefore disposal practices 

and technologies have historically been selected based on lowest cost. Early tailings disposal practices 

were unregulated and lowest cost options often included the dumping of tailings and other waste 

materials wherever convenient, downstream of the mining operation and within natural drainages. 

Advances in ore processing and mineral extraction methods over time have made it economical to mine 

ores of increasingly lower grade, resulting in an increase in the volume of material excavated to extract 

the low-grade ore (Franks et al. 2011). As the global population increases, so does the demand for 

extracted resources (Kesler 2000). Mining production rates increase to meet demand, also resulting in an 

increase in the volume of material excavated and tailings generated.  

Surficial tailings disposal facility footprints, placement heights, and impoundment dams have 

increased to accommodate greater tailings volumes. The construction of larger facilities has led to an 

increase in the number of reported failures (Azam and Li 2010), resulting in environmental degradation 

and loss of life. To minimize environmental consequences from several industries located within the 
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United States, including mining, federal regulation began during the 1960s. Tailings disposal technologies 

advanced in the 1970s, largely in response to the federal regulations established and collaboration 

between tailings practitioners (Caldwell 2011). Current regulations were developed by the USEPA, and 

require a mining company to obtain several permits for activities that occur during mine exploration 

through mine closure. A mining company must complete permit applications to ensure they understand 

the regulatory requirements that apply to the activities listed within the application. A permit is awarded 

once the mining company has demonstrated an ability to maintain compliance with regulatory 

requirements. Federal regulations a mine operator must comply with include:  

 Clean Air Act (CAA) of 1970 – this regulation was enacted to address air pollutants with the 

potential to be hazardous to human health and the environment, and specifically applies to 

equipment exhaust, processing facility emissions, and dust (USEPA 2017c). Mine dust has 

been identified as a primary health and environment hazard of tailing disposal facilities and is 

regulated under the CAA.  

 Clean Water Act (CWA) of 1972 – this regulation was enacted to address discharge 

pollutants with the potential to adversely impact natural water systems. For application to 

mining, the CWA specifically applies to surface water runoff and groundwater infiltration 

(USEPA 2017d) within the mine property, including the tailings disposal facility footprint. 

 Resource Conservation and Recovery Act (RCRA) of 1976 – this regulation was enacted 

to provide procedures for waste generation and disposal practices. Most active mines are 

exempt from this federal rule. However, active mines may be subject to similar regulations 

enacted by local, state governments. This rule often applies to the remediation of abandoned 

mine facilities, including tailings disposal facilities (USEPA 2017b).  

 Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 

of 1980 – this regulation was enacted to establish a program to fund the remediation of 

hazardous waste contaminated facilities (USEPA 2017e). For application to mining, CERCLA 

specifically applies to active or inactive mines with contaminant levels exceeding the defined 

thresholds for surface water and groundwater, air, and soil. Tailings disposal facilities may be 

subject to CERCLA regulation and remediation programs if threshold levels are exceeded.   
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 Lead and Copper Rule (LCR) of 1991 – this regulation was enacted to address drinking 

water pollutants with the potential to be hazardous to human health and the environment. The 

LCR specifically establishes acceptable concentration limits for copper in drinking water 

(USEPA 2017a). This rule applies to surface water runoff and groundwater infiltration from a 

mine facility, including the tailings disposal facility that may adversely impact a drinking water 

source.  

International guidance and agreement is needed to outline standards of practice for tailings 

disposal (Franks et al. 2011). While there are no specific international regulations for the design, 

construction, operation, and closure of a tailings disposal facility, several international organizations have 

prepared guidance documents including:   

 Mine Environment Neutral Drainage (MEND) Program, 1991, 1995, 1998 – the MEND 

program prepared documents related to the prediction of acid rock drainage and tailings 

disposal practices, specifically the “Acid Rock Drainage Prediction Manual” (MEND 1991), 

“Review of In-Pit Disposal Practices for the Prevention of Acid Drainage – Case Studies” 

(MEND 1995), and “Design Guide for the Subaqueous Disposal of Reactive Tailings in 

Constructed Impoundments (MEND 1998).  

 United States Environmental Protection Agency (USEPA), 1994 – the USEPA prepared 

the document “Technical Report – Design and Evaluation of Tailings Dams” to summarize the 

design, construction, water management, and potential failure modes for tailings dams 

(USEPA 1994c). 

 United Nations Environmental Program (UNEP) and the International Council on Metals 

and the Environment (ICME), 1998 – UNEP and ICME prepared the document “Case 

Studies on Tailings Management” to summarize current environmental management, design, 

and operation practices for tailings management within the mining industry (ICME 1998).  

 Department of Mines and Petroleum (DMP), 1999 and 2000 – the DMP, formerly the 

Department of Minerals and Energy (DME), of Western Australia prepared the documents 

“The Guidelines on the Safe Design and Operating Standards for Tailings Storage” and “The 
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Water Quality Protection Guidelines No. 2” to standardize the approach to design, 

construction, operation and closure of a tailings facility, and to manage impacts to water 

resources from the tailings disposal facility (DME 1999, DME 2000).  

 Mining, Minerals and Sustainable Development (MMSD), 2002 – the MMSD is a project 

supported by the International Institute for Environment and Development (IIED) which 

published the document “Mining for the Future Appendix A: Large Volume Waste Working 

Paper” (MMSD 2002). This report identified the environmental issues associated with tailings 

disposal, and focused specifically on riverine and marine disposal technologies. The report 

emphasized the need to achieve both physical and chemical stability of disposed wastes 

while minimizing water consumption (Franks et al. 2011).  

 Mining Association of Canada (MAC), 2011 – the MAC prepared the document “A Guide to 

the Management of Tailings Facilities,” a framework for the management of tailings disposal 

facilities (MAC 2011). Sample checklists for site selection, design, construction, operation 

and closure of a tailings disposal facility are included to assist with implementation of the 

framework.  

 Canadian Dam Association (CDA), 2013 and 2014 – the CDA prepared the documents 

“Dam Safety Guidelines” and “Application of Dam Safety Guidelines to Mining Dams,” criteria 

for dam safety management and additional guidance specifically for tailings and water 

retention dams utilized in mining (CDA 2013, CDA 2014).  

 The International Organization for Standardization (ISO), 2015 – ISO has prepared 

numerous standards to address environmental control within multiple industries.  ISO 14001 

is of specific interest to the mining industry and tailings disposal, as it provides a framework 

for environmental protection while considering a balance between environmental, social and 

economic influences (ISO 2015).  

 International Council on Mining & Metals (ICMM), 2016 – the ICMM is composed of metal 

producing member companies who are committed to a unified framework and principles for 

tailings management outlined in the document “Position statement on preventing catastrophic 

failure of tailings storage facilities” (ICMM 2016).   
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 International Commission on Large Dams (ICOLD), ongoing – ICOLD is composed of 

members from approximately 100 countries, and has prepared numerous publications to 

present guidelines and industry standards for the safe and sustainable construction and 

operation of dams, based on several performed studies (ICOLD 2017).  

 International Network for Acid Prevention (INAP), ongoing – INAP is sponsoring the 

development of the document “Global Acid Rock Drainage (GARD) Guide” to present an 

approach to prevent and mitigate acid rock drainage (INAP 2009). Updates to this document 

are ongoing.  

A general trend away from conventional tailings slurry disposal practices and toward dewatered 

tailings disposal practices is observed, and is likely credited to advanced regulation and the development 

of international guidance for tailings disposal. Increased awareness of the environmental consequences 

associated with large-scale tailings disposal facility failure has led to the development of current disposal 

practices to minimize environmental disturbance. For example, dewatered tailings are generally more 

stable, may be engineered to meet specific design requirements, and allow the potential for dewatered 

fluids to be recycled back into the mining process (Willis 2006, Davies et al. 2010, Edraki et al. 2014, 

Barrera and Caldwell 2015). Highly dewatered tailings may be placed within a dry stack tailings disposal 

facility instead of a conventional tailings slurry impoundment (Davies et al. 2010). Processing methods, 

tailings characteristics, and disposal technologies are described in Chapters 3, 4 and 5, respectively.  

2.2 Economic, Social and Economic Elements of Tailings Disposal 

Ore processing, mineral extraction, tailings generation, and tailings disposal practices are multi-

disciplinary and require expertise from the geological, metallurgical, geotechnical, and geochemical 

disciplines. Knowledge of these disciplines is required to understand the environmental, social, and 

economic elements of tailings disposal (Barrera and Caldwell 2015). Collaboration between practitioners 

within these disciplines is often needed throughout the life of a mine project to continually assess 

elements, though in practice collaboration regularly occurs in the initial mine development stages and 

infrequently occurs once the mine is operating (Edraki et al. 2014). Options to reduce economic, social, 

and economic effects resulting from tailings disposal are best identified and implemented during initial 
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development stages and are more difficult to implement during mine operation (Edraki et al. 2014).  It is 

important to effectively communicate all potential influences with stakeholders during the initial mine 

development stages and throughout the mine life (Warhurst and Mitchess 2000).  

Environmental, social, and economic effects of tailings disposal occur primarily when a facility 

fails and there is a release of tailings and process fluids into the environment (Schoenberger 2016). 

Failure of a tailings disposal facility can have significant impact including loss of life, costs associated with 

remediation, loss of production, loss of reputation, and loss of investor confidence. Environmental 

elements of a tailings disposal facility may include land and water disturbance within the disposal facility 

footprint, downgradient land and water disturbance, and area pollution resulting from dust, noise, and 

carbon dioxide (CO2) emissions. Social elements may include land remediation costs imposed on the 

local communities, health and safety of community members, political and regulatory climate, aesthetics, 

and post-closure land use. Financial elements may include estimation of tailings disposal costs 

throughout the mine life, investor confidence and company share value, variances between anticipated 

and actual cost and ground conditions, and future resource identification.  

 

 

 

 

 

 

 

 

 

Figure 2.1 Social, environmental, and economic elements of tailings disposal. 
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2.2.1 Environmental Elements  

Land and water disturbance will occur within the footprint of a tailings disposal facility 

(Schoenberger 2016). For surface disposal, the extent of disturbance area increases with increasing size 

of the disposal facility, and may result in alteration of existing surface water flow paths, destruction of 

vegetation, and disturbance of wildlife habitats within the facility footprint. Surface water is often diverted 

around the tailings disposal facility to avoid alteration of the existing surface water chemistry, and to 

prevent tailings erosion and mobilization. Infiltration of stormwater into the tailings disposal facility can 

occur, dissolving metals or compounds present within the tailings (Moreno and Neretnieks 2006). This 

solution may seep through the underlying foundation and enter the groundwater system, altering the 

chemical composition of the groundwater (Franks et al. 2011). When surface water or groundwater comes 

into contact with tailings, acid mine drainage (AMD) is likely to form and the precipitation of secondary 

minerals can occur, affecting both the surface water and groundwater environments (Grangeia et al. 

2011). For underground disposal, the extent of disturbance area is limited to the underground openings, 

however surface disposal may be required if the volume of tailings exceeds the available underground 

space. Infiltration through tailings disposed underground can still occur and there is a potential for 

seepage from the tailings into the groundwater system.  

Land and water disturbance may occur downgradient of a tailings disposal facility footprint, 

primarily through failure of the facility, surface water runoff, and migration of seepage within the 

groundwater system. Tailings and associated processing fluids may be transported for large distances 

after failure of a tailings impoundment (Franks et al. 2011). The geochemical makeup of existing water 

and sediments immediately downgradient of a disposal facility failure can be significantly altered (Kossoff 

et al. 2014). Where failure of a tailings disposal facility occurs near water, dilution may help reduce the 

geochemical alteration effects further downstream and away from the failure location. Seepage migration 

into the groundwater system can also carry dissolved metals and compounds for a large distance 

downgradient and outside of the tailings disposal facility footprint. Failure of historic and abandoned 

tailings impoundments can be difficult to remediate where characterization of the tailings and the 

deposition method are often unknown (Grangeia et al. 2011).   
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Area pollution resulting from dust, noise, and CO2 emissions can occur at a tailings disposal 

facility. Preventing dust migration is required to restrict land disturbance to the disposal facility footprint, 

and to minimize adverse health effects due to inhalation, water, and soil contamination (Dudka and 

Adriano 1995). Maintaining water levels, saturation of the tailings, and spraying water over the perimeter 

access roads are common ways to manage dust. Preventing noise pollution and CO2 emissions resulting 

from the construction and operation of the disposal facility is required to minimize disturbance to 

surrounding wildlife habitats and local communities. 

2.2.2 Social Elements  

Poor tailings disposal practices can result in unanticipated environmental degradation and 

remediation costs may exceed the funds available to the mine owner or operator. Unfortunately, if the 

mine is unable to provide funds, these costs to perform remediation may be imposed on the local 

community (Franks et al. 2011). A decrease in copper value can permanently suspend mine operations, 

providing another avenue for tailings remediation costs to be imposed on the local community. Loss of 

income for residents of the local community, and consequent indirect loss of income for local businesses 

that provide services to the mine operation, employees, and their family members may be caused by 

temporary or permanent suspensions in the mine operation.  

Maintaining the health and safety of employees and members of the local community is 

important. Tailings disposal facility construction and operation requires the use of heavy mine equipment, 

conveyors, and pipelines to transport and place material. Safe operating procedures should be 

implemented and training offered to employees to ensure safe practices are employed. The health and 

safety of local community members can also be adversely impacted by tailings disposal practices. 

Contamination of the local water source and soil can occur from tailings runoff, seepage, and dust (Dudka 

and Adriano 1995).  

The political and regulatory climate can affect tailings disposal practices, and subsequently affect 

the local community. The local government can influence how a mine is constructs, operates, manages, 

and closes a tailings disposal facility. If the local government values the health and safety of local 

residents and the environment, the mine may select tailings disposal practices that favor preservation of 
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those qualities. Alternatively, if regulations are not in place to ensure that safe practices are implemented, 

there are no direct consequences for the mine if poor tailings disposal practices are employed. Policies 

established by the local government may provide a framework for assessing environmental liabilities and 

safe work practices (Warhurst and Mitchess 2000).   

Aesthetics of a tailings disposal facility are often important to the surrounding community. Surface 

disposal visibly alters the existing, natural topography, and post-closure land use should be considered. 

In the early stages of mine planning, it is important to consider what the land will look like once mining 

operations have ceased, and what types of activities the post-mine land will be utilized for. Establishing a 

post-mine land-use consistent with the interests of all stakeholders can maintain a positive reputation of 

the mining company (Warhurst and Mitchess 2000).  

2.2.3 Economic Elements  

Osanloo et al. (2008) states that the future success of a mining operation depends on the 

management of tailings disposal facilities, and that design considerations for these facilities should be 

incorporated within the overall mine plan. Processing efficiencies have increased over time, allowing the 

mining of decreasing ore grades (Kossoff et al. 2014). As mining for lower grade ores becomes more 

common, the material excavated and processed becomes greater, resulting in increased capital and 

operating costs (Osanloo et al. 2008). Accurate, reliable estimation of the tailings disposal costs is critical 

to the financial success of a mining project, and should consider the overall design, construction, 

operation, maintenance, and closure costs for the disposal facility throughout the mine life (Hansen et al. 

2008).   

Increased environmental treatment, remediation, and monitoring costs due to poor tailings 

disposal practices can result in a loss of investor confidence and ultimately a devaluation of a company’s 

share value (Franks et al. 2011). The mine operation may experience periods of temporary or permanent 

shutdown, additional fines, and litigation costs associated with treatment and remediation (Franks at al. 

2011). The potential for future mining opportunities may also decrease. Variances between estimated and 

actual costs or ground conditions can also result in periods of temporary or permanent shutdown. 

Fluctuating metal prices, ore grades, reserve estimates, processing costs, and water costs have direct 
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impact on the cashflow available to a mine. Increased processing and water costs will influence the 

selection of a tailings disposal technology.   

The location available for tailings disposal can also affect the selection of a disposal technology. 

Knowledge of the total resource model, property extents, and potential for future expansion is required 

before constructing a tailings disposal facility. Future resource identification or mine expansion may be 

limited by the tailings disposal facility, resulting in potential facility removal and relocation, or non-

development of the resource.   

2.3 Goals for Current Tailings Disposal Technologies 

Industry knowledge of mineral processing techniques and characterization of the tailings has 

advanced over time and has led to the development of modern tailings disposal technologies. While a 

universal tailings disposal technology is unlikely to be developed due to site-specific variability, common 

goals can be applied to each tailings disposal technology. Goals for current tailings disposal technologies 

include minimal disturbance to the environment, stability of the disposal facility, compliance with 

regulatory requirements and guidelines, and identification of process improvement or the development of 

alternative technologies (Caldwell 2011, Franks et al. 2011).  

Disturbance to the local environment will occur within the tailings disposal facility footprint and 

may occur beyond the facility footprint. The selected tailings disposal technology footprint should favor 

minimal disturbance. Environmental influences may include displacement of local wildlife, alteration of the 

existing watershed and drainage paths, and contamination of the surface water and groundwater. Site 

selection studies should be performed to identify a location for the disposal facility that minimizes the 

environmental impacts (Barrera and Caldwell 2015). Post-closure land uses to restore the pre-mine 

environment should also be considered. Containment of the tailings and process fluid is required to 

minimize disturbance to the surrounding environment (Franks et al. 2011).  

Maintaining the short-term and long-term geotechnical stability of a tailings facility within the 

design footprint is critical to minimizing disturbance to the local environment. The tailings disposal 

technology selected should favor overall geotechnical stability. The disposal facility should be designed to 

withstand regional storm and seismic events (Ritchie et al. 2009, Franks et al. 2011). The presence of 
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fluids within the tailings can lead to a buildup of pore water pressure, decreasing the stability of the 

disposal facility. Consolidation of the tailings due to rapid fluid drawdown will increase the stability of the 

disposal facility. Minimizing the erosion potential of the disposal facility will help to maintain stability, and 

erosion resistant materials should be selected for construction. Surface water diversions may be 

constructed to direct runoff away from the facility. Dust mitigation practices should also be implemented to 

prevent migration of the tailings beyond the facility footprint (Edraki et al. 2014).  

Maintaining the short-term and long-term geochemical stability of a tailings facility is also critical 

to minimizing disturbance to the local environment. The tailings disposal technology selected should favor 

overall geochemical stability. The disposal facility should be designed to minimize chemical alteration and 

seepage into the environment (Franks et al. 2011). The mineralogy of the tailings must be characterized 

to determine the acid generation potential of the material. Oxidation and exposure of the tailings to water 

may produce solutions that can enter and degrade the local surface water and groundwater. Tailings dust 

migration and seepage will expand the footprint of geochemical influence (Hesketh 2010, Edraki et al. 

2014). Implementing tailings disposal practices that render the placed material inert is ideal, though 

difficult to achieve (Franks et al. 2011).  

Compliance with regulatory requirements is critical for obtaining and maintaining a facility permit 

and social license to operate. The tailings disposal technology selected should favor compliance with 

regulatory requirements and industry guidance. Non-compliance with regulations or industry guidance 

may compromise the environmental integrity of the disposal facility, and can contribute to a negative 

public perception.  

A qualitative risk assessment was performed to identify key environmental, social, and economic 

drivers for selection of a tailings disposal technology. Details and results of the assessment are described 

in Chapter 6. 
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CHAPTER 3 

 
GENERATION OF TAILINGS FROM COPPER EXTRACTION 

 
 The physical and chemical characteristics of tailing material are dependent on the ore deposit 

geology and the mineral processing methods, and will ultimately drive selection of a tailings disposal 

technology. The mineral processing method is selected based on the ore petrology and mineralogy, 

specifically the additional minerals present within the ore that will need to be separated for copper 

extraction. Mechanical separation and process solutions alter the ore, resulting in tailings with a variety of 

geochemical and geotechnical characteristics.   

3.1 Copper Deposits 

Copper deposits occur in a number of geologic settings that result in a wide variety of 

mineralization. Porphyry, skarn sedimentary, volcanic massive sulfide (VMS), and iron oxide copper gold 

(IOCG) are the primary copper deposits that produce two main copper ore styles: sulfide copper ore and 

oxide copper ore (Biswas 1994, Willis 2006). Chalcopyrite (CuFeS2) is a copper iron sulfide mineral and is 

considered one of the most widely distributed copper minerals (NAS 1979). Chalcopyrite is susceptible to 

oxidation and will yield several compounds including chalcocite (Cu2S), another copper sulfide mineral 

that is also characteristic of hydrothermal deposits (Perkins 2001). Chalcopyrite and chalcocite are sulfide 

minerals present in porphyry, sedimentary, volcanic massive sulfide and iron oxide-copper-gold deposits.  

Porphyry deposits tend to have large extents, exhibit low copper grades, are commonly mined as 

open-pit, and supply most of the world’s mined copper when compared to other deposits (Osanloo et al. 

2008). Porphyry deposits are frequently associated with igneous intrusive rocks and subduction areas, 

and are formed when hydrothermal fluids travel through rock fractures and veins (Berger et al. 2008). The 

fluid interacts with the surrounding rock, causing mineralization based on the composition of both the rock 

and the fluid (Dold and Fontbote 2001). The composition of hydrothermal fluid varies with pressure and 

temperature, and can cause variable distributions and concentrations of commodities throughout a 

deposit including copper, gold, molybdenum and silver, which may be extracted if there is economic 
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value. Skarn deposits are often associated with mineralized zones within porphyry deposits, though 

chalcocite minerals are more dominant than chalcopyrite minerals (Meinert 1992). Skarn copper deposits 

are formed when hydrothermal fluid is transported along the contact between two lithologies, typically 

granite and limestone, dissolving silicate and carbonate minerals. 

Sedimentary deposits supply the second greatest quantity of mined copper and are formed after 

an initial sediment layer is deposited and prior to lithification (compaction) by an overlying layer (Hayes et 

al. 2015). Compaction of the underlying sediment layer forces fluid and air migration upward and out as 

the layer consolidates. The fluid interacts with the sediment layer as it migrates upward and out, causing 

mineralization based on the composition of the fluid and sediment. Copper minerals such as chalcocite 

leach into and are transported upward with the migrating fluid, and are deposited above the original host 

sediment layer (Cox et al. 2007). 

VMS deposits are formed through the hydrothermal fluid transport of metals and the accumulation 

of sulfide mineral precipitates. VMS deposits typically occur in marine-volcanic environments where water 

is drawn down beneath the ocean floor, heated, and circulated back up to the ocean floor (Shanks and 

Thurston 2012). The circulated and heated water reacts with the surrounding rock and becomes a metal-

rich hydrothermal solution. The rapid cooling of the hydrothermal fluid upon contact with ocean water 

results in mineral precipitation.   

IOCG deposits are formed through volcanic intrusion, similarly to copper porphyry deposits, but 

differ in the presence of iron oxide minerals (Groves et al. 2010). The iron oxide-rich hydrothermal fluids 

travel through rock fractures and veins and interact with the surrounding host rock, causing copper 

mineralization, typically chalcopyrite and pyrite, based on the rock and fluid composition.   

3.2 Copper Ore Processing 

Copper deposits are typically developed utilizing open-pit mining methods and produce two main 

copper ore types: sulfide copper ore and oxide copper ore (Biswas 1994, Willis 2006). In general, copper 

is more easily separated from sulfide deposits, and these typically have higher grades than oxide 

deposits. Open-pit copper mining generates large quantities of waste material in the form of waste rock, 

spent material from leaching of oxide ores, and tailings from flotation processing of sulfide ores. The 
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mineralogy of each type of waste material is highly variable and largely dependent on the ore composition 

and mineral processing methods. 

3.2.1 Sulfide Ores  

Copper sulfide ore deposits are typically formed by hydrothermal fluid flow through rock, and the 

most common sulfide ore mineral is chalcopyrite (CuFeS2) (NAS 1979). A typical copper sulfide ore 

processing system flow diagram is included as Figure 3.1. Waste rock from the sulfide ore deposit is 

hauled directly to the waste rock dump, while the ore is sent to the plant to begin processing for copper 

extraction. Gravity separation and vat leaching are utilized for high grade sulfide ore deposits, but are less 

commonly employed processing methods for sulfide ores (Kordosky 2002), while flotation is the dominant 

processing technique utilized to extract copper (Osanloo et al. 2008).  

Gravity separation is a processing method that utilizes the specific gravity of individual minerals 

for separation. The ore is sent to the plant where it is crushed and ground to meet grain size requirements 

for separation within jigs or spiral concentrators. Further processing such as smelting is often required to 

increase copper recovery, and the unwanted waste material is disposed as tailings. Vat leaching is a 

processing method where the ore is sent to the plant and crushed into a coarse material. The coarse 

material it is then placed into a vat with a leach solution and agitated to dissolve the copper from the ore 

while keeping the solids suspended. The pregnant leach solution (PLS) containing copper is drained from 

the vat and further processed utilizing solvent extraction and electrowinning (SX/EW). During solvent 

extraction, the PLS is added to a non-mining liquid and a solvent is added that binds to and removes the 

copper (CuDA 2017). The remaining solution of dilute sulfuric acid and residual minerals known as 

raffinate may be recycled back into the leach process. However, the presence of metal ions within the 

raffinate solution may prevent its reuse for processing. Acid is then added to the solvent and copper 

solution. An electrical current is passed through the solution to encourage copper ions to plate directly 

onto a cathode. Once the leach solution is drained, the solids are allowed to settle and are disposed as 

tailings. The characteristics of tailings resulting from both gravity separation and vat leaching are 

influenced by the sulfide ore characteristics and crushing.  
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Figure 3.1 Typical copper sulfide ore processing system flow diagram. Adapted from the Copper 
Development Association (2017). 

 

Flotation is the dominant processing technique used to extract copper from sulfide ores. The ore 

first crushed and ground to the required particle size to liberate the sulfide minerals of interest. The 

ground ore is then subjected to flotation, a process wherein the ore is mixed with water (forming a pulp) 

and various reagents (chemicals) are added. Air is introduced into the tank, creating bubbles. By surface 

chemistry, the bubbles preferentially attach to the liberated hydrophobic copper sulfide minerals (Kossoff 

et al. 2014) causing them to float to the surface. The froth is collected as copper concentrate, while the 

non-float material (tailings) are extracted from the tank for disposal. The concentrate is dewatered and 

typically sent to a smelter to turn it into refined copper for market.  

The smelter employs a complex pyrometallurgical process wherein the concentrate is first 

oxidized to form a copper matte. Smelting further separates impurities from the matte as slag, a waste 

material that can be removed prior to oxidation and formation of a blister copper. Fluxes are added to and 

react with the matte during heating, resulting in the slag floating to the surface as the calcine melts, and 

the formation of a product with copper purities up to 99 percent (CuDA 2017). The chemical equations for 
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the addition of silica (SiO2) as a flux for the production and removal of slag, and the formation of blister 

copper are included as Equations 3.1 and 3.2, respectively (CuDA 2017). 

FeO + SiO2 → FeOSiO2  (3.1)

Cu2S + O2 → 2Cu + SO2    (3.2)

The characteristics of tailings resulting from flotation are influenced by the sulfide ore 

characteristics and processing. Additional chemicals may be added to during the flotation process that 

are often discarded with the tailings including lime, which can be utilized to promote settling, neutralize 

acid, and assist with sulfur removal. Alternatively, high clay content within the ore can inhibit flotation and 

acid chemicals may be added (Dold and Fontbote 2001). The additional flocculants, water, crushing, 

grinding, and variation of the sulfide ore result in a wide range of tailings characteristics.  

3.2.2 Oxide Ores  

Copper oxide deposits are formed by oxidation and generally have lower grades than sulfide 

ores. Copper extraction from an oxide ore is largely dependent on the mineralogy of the deposit. A copper 

oxide process flow chart is included as Figure 3.2. Waste rock from the oxide ore deposit is hauled 

directly to the waste rock dump, while the ore is sent to the plant for crushing or directly to a stockpile for 

leaching. Crushing the ore prior to placement is an additional process cost and is employed to meet 

design specifications for solution application and recovery rates. Oxide ores are typically leached using 

dilute sulfuric acid that may be generated from the processing of sulfide ore as described in section 3.2.1. 

Tailings are not generated through the processing of oxide ores, though the leach stockpile is considered 

a type of mine waste once solution recovery is complete.  

In general, the oxide ore is placed in a stockpile configuration, overlying a prepared foundation, 

and acid is sprayed or dripped across the surface. The acid seeps through the ore stockpile, dissolving 

copper and residual minerals into a pregnant leach solution (PLS) that can be collected for further solvent 

extraction electrowinning (SX/EW) processing. During solvent extraction, the PLS is added to a non-

mixing liquid and a solvent is added that binds to and removes the copper (CuDA 2017). Acid is then 

added to the solvent and copper solution, and placed into a tank with alternating lead anode and cathode 
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sheets of either reusable stainless steel or single-use metal-coated carbon fiber. A direct electrical current 

is forced through the solution to encourage copper ions to plate directly onto a cathode. The remaining 

solution of dilute sulfuric acid and residual minerals known as raffinate may be recycled back into the 

leach process. However, the presence of metal ions within the raffinate solution may prevent its reuse for 

processing. 

 

 

Figure 3.2 Typical copper oxide ore processing system flow diagram. Adapted from the Copper 
Development Association (2017). 

 

3.3 Processed Tailings 

Copper tailings can be divided into three main categories based on the amount of dewatering 

achieved, and the resulting percent solids composition of the tailings: conventional tailings slurry, 

dewatered paste and thickened tailings, and filtered tailings (Davies 2011). The water and processing 

fluid extracted from the tailings during the dewatering process may be returned to the process cycle, 

decreasing the water retained within and the overall footprint of the tailings disposal facility (Willis 2006). 

However, the presence of metal ions within the fluid may prevent its reuse for processing. Flocculants can 

be added to increase the effectiveness of dewatering, and to assist with pipe transport and deposition. 
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Dewatered tailings may also be utilized for underground support. Most tailings thickeners and cyclones 

utilize gravity to separate particles. Laboratory testing must be performed to characterize the tailings prior 

to the dewatering plant design (Franks et al. 2011).  

As the tailings are dewatered, the percent solids within the slurry and the density of the tailings 

increase, allowing for alternative conveyance system options. Conventional tailings slurry is transported 

by a series of pumps and pipes to the disposal facility, while dewatering to produce filtered tailings allows 

for transport by truck or conveyor. Pumps and pipes are subject to tailings settling and clogging if the flow 

velocity required for transport is not maintained, and the installation of conveyor systems may be limited 

by the infrastructure located between the process and disposal facilities. The tailings transport method 

and disposal technology are selected based on the characteristics of the processed tailings. In general, 

processing costs increase as the degree of dewatering increases to meet tailings transport and disposal 

design requirements. The percent solids, dewatering and transport methods for each category of 

processed tailings is summarized in Table 3.1. Typical tailings thickeners are depicted in Figure 3.3.  

 

 

Figure 3.3 Typical tailings thickeners. Adapted from Paterson and Cooke (2017). 

 

3.3.1 Conventional Tailings Slurry 

Following flotation, the tailings and processing fluid are removed and placed in a thickener, prior 

to pipe conveyance to the tailings disposal facility. The pipe conveyance system is selected based on 

transport performance for both the solids and liquid contents of the slurry. The percent solids for a 

conventional tailings slurry can range from 30 to 50 percent by weight (Franks et al. 2011). Variability of 

the solids and process fluid content can be attributed to the ore characteristics, processing methods, use 
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of a thickener, and additional flocculants. A conventional tailing slurry is typically conveyed by a pipe 

system to an impoundment, designed to account for both tailings and additional process fluid storage. 

The stored process fluids may be extracted from the impoundment and recycled back into the mine 

process system to meet varying water demands.  

 

Table 3.1. Tailings dewatering characteristics and transport methods (Barrera and Caldwell 2015, Edraki 
et al. 2014, Franks et al. 2011). 
 

Processed 
Tailing Category 

Dewatering 
Class 

Percent Solids 
(%) 

Dewatering 
Method 

Transport 
Methods 

Conventional 
Slurry 

Conventional 
Slurry 

30 – 50 
High-Rate 
Thickener 

Pump and Pipe 

Thickened and 
Paste 

 

Thickened  
(Non-Segregating)

50 – 70 
High-Density 

Thickener 
Pump and Pipe 

Thickened  
(Sand Underflow) 

65 Cyclone Pump and Pipe 

Paste 70 – 80 
Deep-Bed 
Thickener 

Pump and Pipe 

Filtered 

Vacuum >75 Vacuum Filter Conveyor or Truck

Pressure 85 Pressure Filter Conveyor or Truck

Centrifuge Cake >85 Centrifuge Conveyor or Truck

 

  A high-rate thickener (Figure 3.3) is utilized to produce the conventional tailings slurry. The 

thickener tank is cylindrical with a bottom sloped toward the center of the tank. The diameter of the 

cylinder is greater than the height, to provide a large enough bottom surface area to encourage settling. 

The tailings and processing fluid enter the thickener through a feed pipe. Mechanical scraper blades 

(rakes) rotate around the tank at a rate that moves the recently settled solid tailings closer toward an 

outlet at the bottom of the tank. The solid material and a portion of the fluid collected at the center of the 

tank is removed through an outlet pipe underneath as underflow (Paterson 2004).   

3.3.2 Thickened and Paste Tailings 

The intent of dewatering is to decrease the amount of water and process fluid transported to and 

deposited within the tailings disposal facility. Decreasing the amount of water and process fluids may 

have beneficial environmental influences by minimizing the amount of fluid available for seepage 

(Schoenberger 2016), and increasing the density of the tailings within a disposal facility. The 

differentiating characteristic between paste and thickened tailings is that paste tailings is engineered with 
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additives to meet specific design criteria and utilized as structural fill (Tariq and Yanful 2013, Edraki et al. 

2014).  

The percent solids for thickened tailings can range from 50 to 70 percent by weight (Franks et al. 

2011). Thickened tailings are typically conveyed by a pipe system to an impoundment, designed to 

account for both tailings and additional process fluid storage, similar to a conventional tailings slurry. The 

thickened, higher density tailings typically require a smaller footprint for retention than the conventional 

tailings footprint due to a decreased volume of process fluid.  

Thickened tailings utilize a high-density thickener or cyclone to separate additional process fluids 

and water from the tailings (Figure 3.3). High-density thickeners have greater cylinder heights and bottom 

slopes, and produce a non-segregating, higher density tailing underflow than the high-rate thickeners 

utilized to produce a conventional tailings slurry. The tailings are allowed to consolidate under their own 

weight for a period of time prior to removal as underflow (Paterson and Cooke 2017). Cyclones are 

utilized to separate the sand-sized material from the fine silt- and clay-sized material within the tailings 

underflow (Barrera and Caldwell 2011). Cyclone thickeners use rotation to force the smaller particles 

inside and larger particles to the outside wall. The sand material can then be utilized to construct the 

tailings containment structure (Kujawa 2011). 

The percent solids for paste tailings can range from 70 to 80 percent by weight (Franks et al. 

2011). Paste tailings can be engineered to meet specific design requirements and are often utilized as 

structural backfill in underground mine workings or voids to minimize ground subsidence and strengthen 

working foundations (Belem and Benzaazoua 2004). Cement is a common structural additive to the paste 

tailings (Schoenberger 2016). The placement of paste tailings underground may reduce the 

environmental influence by minimizing the surface storage footprint, and the addition of cement may 

reduce the particle mobility of the tailings (Tariq and Yanful 2013, Edraki et al. 2014). Chemical 

interactions may still occur between the paste backfill and groundwater. Cemented paste backfill may 

also be disposed of with mine waste rock.  

Paste tailings utilize a deep-bed thickener to separate additional process fluids and water from 

the tailings (Figure 3.3). Deep-bed thickeners have greater cylinder heights and bottom slopes, and 
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produce a higher density tailing underflow than the high-density thickeners utilized to process thickened 

tailings. The tailings are allowed to consolidate under their own weight for a period of time prior to 

removal as underflow (Paterson and Cooke 2017).  

3.3.3 Filtered Tailings 

Removing fluid from the tailings minimizes the potential for chemical reactions within the tailings 

disposal facility. Filtered tailings remove additional processing fluid and water than what can be achieved 

for thickened and paste tailings, though removal of all fluid from the tailings is not achievable in practice 

(Franks et al. 2011, Schoenberger 2016). A tailings slurry is forced through a filter system of coarse 

particles, transitioning to fine particles, and finally through a filter cloth to remove fluids. Without the 

addition of heat to dry the tailings, some fluid content will remain after filtration. The percent solids for a 

typical filtered tailing can range between 75 and greater than 85 percent by weight (Franks et al. 2011). 

The resulting filtered tailings can be transported by truck or conveyor to the tailings disposal facility.  

Vacuum and pressure filter systems are typically utilized to produce filtered tailings, though 

vacuum filters are not ideal for use at high altitude or with tailings that have high concentrations of fine 

particles. A centrifuge is costly, but is ideal for dewatering fine particles and can achieve the highest level 

of dewatering with greater than 85 percent solids by weight that results in production of a cake (Paterson 

and Cooke 2017). Filtered tailings can be stacked on the surface, do not require the construction of large 

retention embankments, and are ideal for arid environments where water conservation is critical to the 

mining process and in areas of high seismic activity (Schoenberger 2016).  
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CHAPTER 4 

 
TAILINGS CHARACTERISTICS 

 
The geotechnical and geochemical characteristics of copper tailings can vary based on the ore 

characteristics and processing methods utilized to separate the copper (Dold and Fontbote 2001, Qui and 

Sego 2001, Shamsai et al. 2007). For example, copper tailings may contain sand, silt, or clay sized 

particles, and additional chemical fluids and water from processing. Tailings transport methods and 

disposal technologies are designed to specifically accommodate the unique tailings characteristics, in 

addition to other site-specific criteria. Recognizing the variability of copper tailings and the variability that 

can be introduced by processing, this chapter aims to present geotechnical and geochemical 

characteristics of tailings that, in general, can influence selection of a disposal technology. 

4.1 Geotechnical Properties 

Standardized testing procedures have been developed by the American Society for Testing and 

Materials (ASTM) to determine geotechnical properties of materials. The following geotechnical properties 

of the tailings must be defined prior to selection of a transport method and disposal technology (Vick 

1990, Shamsai et al. 2007, Kossoff et al. 2014): 

 Grain Size Distribution 

 Atterberg Limits 

 Specific Gravity, Void Ratio, and Density; 

 Permeability 

 Shear Strength 

4.1.1 Grain Size Distribution 

The grain size distribution is utilized to estimate the amount of clay, silt, sand or less common 

gravel sized particles (Das 2005) present within the tailings and, with the Atterberg limits, can provide an 

indication of how the tailings may behave after placement within a disposal facility. The grain size 
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distribution can also be utilized to determine what additives to mix with the tailings to meet engineered 

design specifications for disposal. Gravel sized particles are greater than 4.75 millimeters (mm) and are 

not commonly present in tailings (Kossoff et al. 2014). Sand sized particles are smaller than gravel sized, 

and are between 4.75 mm and 0.075 mm. Silt and clay sized particles are smaller than sand sized, and 

are less than 0.075 mm (Das 2005).  

The grain size of copper tailings is highly variable and can be difficult to generalize due to the 

specific ore processing method utilized. However, if flotation is utilized to process sulfide ores, this 

requires that the ore be crushed and ground to sand and silt sized particles to effectively separate copper 

(Kossoff et al. 2014, Shamsai et al. 2007). Crushing and grinding the ore to a smaller size increases the 

surface area of the ore and the efficiency of copper extraction through flotation, and it is common to 

produce tailings with fine particles of less than 0.03 mm (Wei et al. 2009).  

The grain size distribution can be utilized to provide initial estimates of other engineering 

properties including permeability and strength. Fine tailings typically have a lower permeability than 

coarse tailings, can inhibit dewatering, and are susceptible to strength loss when loaded due to pore 

pressure increases (Wei et al. 2009). For tailings with a high sand size percentage, it may be economical 

to separate the sand from the silt or clay sized particles for use as construction materials. The sand can 

be utilized to construct surface containment embankments to retain the smaller sized tailings particles, or 

can be utilized to backfill underground voids (Wei et al. 2009). 

A common laboratory technique employed to obtain the grain size distribution of the tailings is a 

sieve analysis (Das 2005). During a sieve analysis, a tailings sample is passed through a series of 

screens and the weight of tailings retained on each screen is recorded to determine the overall 

percentage of tailings retained. The sieve analysis testing procedure to determine the grain size 

distribution of tailings greater than 0.075 mm is detailed in ASTM Standard D6913-04 Standard Test 

Methods for Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis (2009). A laboratory 

technique employed to obtain the grain size distribution of fine tailings less than 0.075 mm is a 

hydrometer analysis (Das 2005). During a hydrometer test, the tailings are placed in a mixture of water 

and a dispersing agent, and the settlement time and distance are recorded to calculate the grain size and 
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specific gravity. The hydrometer testing procedure to determine the grain size distribution of tailings less 

than 0.075 mm is detailed in ASTM D7928-16 Standard Test Method for Particle-Size Distribution 

(Gradation) of Fine-Grained Soils Using the Sedimentation (Hydrometer) Analysis (2016b).  

The Unified Soil Classification System (USCS) was established to describe both the texture and 

grain size of soil materials, and correlations can be made to predict material behavior, specifically how 

tailings will behave after placement within a disposal facility. The USCS utilizes the grain size distribution 

and Atterberg limits to classify the tailings as clay, silt, sand, and gravel (ASTM 2011a).  

4.1.2 Atterberg Limits 

The Atterberg limits include the shrinkage, plastic, and liquid limits (Das 2005) of the tailings and, 

with the grain size distribution, can provide an indication of how the tailings may behave after placement 

within a disposal facility. The Atterberg limits can also be utilized to determine what additives to mix with 

the tailings to meet engineered design specifications for disposal. To determine the Atterberg limits, 

moisture is added to the tailings and the water content is recorded as the tailings transition from a solid to 

liquid state. The shrinkage limit is the percent water content within the tailings at the point when the 

tailings transition from a solid to a semisolid state; the plastic limit is determined as the water content at 

the transition from semisolid to plastic; and the liquid limit is determined as the water content at the 

transition from plastic to liquid (Das 2005). The laboratory test methods for determining the liquid and 

plastic limits of tailings are detailed in ASTM Standard D4318-10 Standard Test Methods for Liquid Limit, 

Plastic Limit, and Plasticity Index of Soils (2010b). There is currently no ASTM standard for the 

determination of the shrinkage limit. The Atterberg limits and grain size distribution are utilized to classify 

the tailings as clay, silt, sand, and less common gravel (ASTM 2010b).  

Like the grain size distribution, the Atterberg limits of copper tailings are highly variable and can 

be difficult to generalize due to the specific ore processing method utilized. Atterberg limits can indicate 

the presence of clay particles within the tailings (Kossoff et al. 2014), and the limit values have been used 

in correlation to estimate compressibility and shear strength of tailings, specifically with relation to the clay 

and sand percentages of tailings (Boulanger and Idriss 2006). Sand tailings typically behave as non-
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plastic, while fine grained silt and clay tailings typically behave as plastic (Shamsai et al. 2007). These 

behaviors are important to consider during disposal facility foundation design and seismic loading.  

4.1.3 Specific Gravity, Void Ratio, and Density 

Tailings are typically discharged from the mill after the flotation and thickening process as either a 

conventional slurry, thickened, paste, or filtered tailings. The dry and wet densities of the tailings are 

influenced by the specific gravity and the void ratio (Shamsai et al. 2007) as shown in soil index property 

Equations 4.1 and 4.2 (Lindeburg 2012): 

  
 (4.1)

  
 (4.2)

Where: 

ρ = density 

SG = specific gravity 

S =  degree of saturation 

e = void ratio 

ρw = density of water  

 

The specific gravity of copper tailings varies based on the ore mineralogy and can range between 

2.6, representing a quartz sand, and 5, representing sulfides (Ritchie et al. 2009, Kossoff et al. 2014). In 

general, lower densities are characteristic of tailings with low specific gravity, higher void ratios, and 

greater water content. Conversely, higher densities are characteristic of tailings with high specific gravity, 

lower void ratios, and lower water content. Increasing the tailings density and decreasing the water 

content can be achieved through dewatering or desiccation (drying) of the tailings over time, which 

increase the overall stability of the disposal facility (Ritchie et al. 2009). Since the density of tailings will 

likely increase over time, the dry density of the tailings is utilized to calculate the capacity requirements for 

the disposal technology.  
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 The specific gravity is the ratio of the tailings density (mass of the solids divided by the volume of 

solids) to the density of water (Lindeburg 2012). Since tailings are typically less than 4.75 mm in size, the 

laboratory test methods for determining the specific gravity should be utilized as detailed in ASTM D854-

14 Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer (2014). The void ratio 

is the ratio of the volume of voids to the volume of solids, and is calculated by measuring the mass of the 

sample before and after drying using the laboratory test methods detailed in ASTM D2216-10 Standard 

Test Methods for Laboratory Determinations of Water (Moisture) Content of Soil and Rock by Mass 

(2010a).  

4.1.4 Permeability 

The permeability of tailings is variable, based largely on the grain size distribution (Vick 1990), 

and describes the ability for fluid to flow through pore spaces within the tailings. The hydraulic 

conductivity is utilized to describe the rate a fluid can pass through a thickness of tailings per a unit of 

time (Das 2005). Tailings with a greater percentage of sand sized particles tend to be more permeable 

and have higher hydraulic conductivities than tailings with a greater percentage of silt or clay sized 

particles, due to the larger void space associated with larger sized particles (Qui and Sego 2001). The 

rate of consolidation and seepage are influenced by the permeability and hydraulic conductivity of the 

tailings.  

 The hydraulic conductivity can be determined through a constant or falling head test (Das 2005) 

utilizing test methods detailed in ASTM D5084-16a Standard Test Methods for Measurement of Hydraulic 

Conductivity of Saturated Porous Material Using a Flexible Wall Permeameter (2016a). A constant head 

test is typically utilized for tailings with a high percentage of sand sized particles, while a falling head test 

is utilized for tailings with a high percentage of silt and clay sized particles. During a constant head test, 

the elevation head between the inlet and outlet is maintained and a constant flow rate of water is passed 

through the tailings. The amount of water collected at the outlet over a unit of time is recorded and utilized 

to calculate the hydraulic conductivity. During a falling head test, a known amount of water is passed 

through the tailings and the change in head elevation is recorded at increments over a determined time 

interval.  
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4.1.5 Shear Strength 

The shear strength represents the magnitude of shear force the tailings can withstand prior to 

sliding movement, and is largely influenced by the mineralogy, grain size distribution, and fluid content 

within the tailings (Vick 1990). The shear strength of tailings is comprised of the resistance to sliding due 

to the internal structure (friction), and the cohesion. The shear strength is particularly important if the 

tailings are to be utilized as a construction material. The shear strength of the tailings is determined 

through laboratory drained direct shear and consolidated-undrained triaxial shear testing (Das 2005).  

The laboratory test method for drained direct shear tests are detailed in ASTM D3080-11 

Standard Test Method for Direct Shear Test of Soils Under Consolidated Drained Conditions (2011c). A 

shear box is utilized for a direct shear test and consists of a tailings sample placed within the two stacked 

shear box halves. Prior to the test, a normal force is applied to the top of two shear boxes and the sample 

is given time to consolidate. A shear force is then applied horizontally, at a constant rate, and deformation 

of the tailings sample is measured as failure occurs along the horizontal plane of the two shear box 

halves. Normal and shear stresses determined from the drained direct shear test are utilized to calculate 

the effective friction angle of the tailings.  

The laboratory test method for consolidated-undrained triaxial tests is detailed in ASTM D4767-11 

Standard Test Method for Consolidated Undrained Triaxial Compression Test for Cohesive Soils (2011b). 

Prior to the test, a confining pressure is applied and the tailings sample is given time to consolidate. The 

confining pressure is then increased, while the sample is not permitted to drain, until shear failure occurs. 

The pore pressure within the sample is recorded as confining pressure increases. Total and effective 

stresses determined from the consolidated-undrained triaxial test are utilized to calculate the friction angle 

of the tailings.  

For drained conditions, the excess pore pressure from loading is rapidly dissipated. Vick (1990) 

and Volpe (1979) reported results from a number of laboratory tests on copper tailings and found that 

they typically have low cohesion values, indicating a greater quantity of sand- than clay-sized particles; an 

effective stress friction angle ranging between 30 and 37 degrees; and an effective stress equivalent to 

the total stress, ranging between 0 and 750 kilopascal (kPa) for drained conditions (Vick 1990, Volpe 
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1979). For undrained conditions, rapid loading creates excess pore water pressures that may not 

dissipate. Copper tailings were found to have lower effective stresses and effective stress friction angles, 

accounting for pore water pressure in undrained conditions (Vick 1990, Volpe 1979).  

4.2 Geochemical Properties 

The geochemical characteristics of copper tailings are dependent on the ore, processing method 

and additives utilized to extract the copper, and the amount (degree and nature) of weathering the tailings 

are anticipated to undergo after disposal (Kossoff et al. 2014). Acid mine drainage (AMD) can result from 

the oxidation of sulfide minerals and will alter the surrounding environment (Dold and Fontbote 2002, 

Hesketh et al. 2010, Sima et al. 2011). The formation of AMD is influenced by the availability of water, the 

ability for oxygen to be distributed from the tailings, and the grain size distribution of the tailings (Smuda 

et al. 2008). Tailings are fine grained and have a large surface area for sulfide oxidation (Moncur et al. 

2005). The prevention of AMD requires an understanding and accurate prediction of the geochemical 

process (Osanloo et al. 2008, Smuda et al. 2008).  

The most common sulfide ore mineral is chalcopyrite (CuFeS2), and after the removal of copper, 

pyrite becomes the sulfide mineral (FeS2). Once sulfide minerals become exposed to air and water, 

oxidation begins, resulting in the formation of aqueous ions that can be transported through surface water 

runoff or groundwater infiltration (Al and Blowes1999). The chemical equations for the oxidation of pyrite 

are shown as Equations 4.3 and 4.4 (USEPA 1994b, Moncur et al. 2005, Martin et al. 2008). 

2FeS2(s) + 7O2(g) + 2H2O(l) = 2Fe2+(aq) + 4SO4
2-(aq) + 4H+(aq)          (4.3) 

4Fe2+(aq) + O2(g) + 4H+(aq) = Fe3+(aq) + 2H2O            (4.4) 

 The oxidation of sulfide results in the formation of iron, sulfate and hydrogen ions. An increase in 

hydrogen ions causes the pH of the solution to decrease and become acidic, and additional metals may 

be dissolved (McGregor and Blowes 2002, Acero et al. 2007). Carbonate minerals such as calcium 

carbonate (CaCO3) may be present within or added to the tailings to assist with neutralization of the acidic 

solution (Dold and Fontbote 2002, Martin et al. 2008). The chemical equation for the neutralization of 

oxidized pyrite is shown as Equation 4.5 (Moncur et al. 2005, Martin et al. 2008). 
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Fe3+(aq) + 2SO4
2-(aq) + H+(aq) + 2CaCO3(s) + 5H2O = Fe(OH)3(s) + 2CaSO42H2O(s) + 2CO(g)      (4.5) 

Materials utilized to construct a tailings disposal facility should be selected to minimize chemical 

reactions that cause AMD, and the facility should be constructed to minimize water and oxygen infiltration 

into the tailings (Sima et al. 2011). Installation of a cover over the tailings, or disposal of the tailings 

beneath water, can prevent water and air infiltration. Separating the sulfide minerals from the tailings prior 

to disposal can also prevent the formation of AMD (Hesketh et al. 2010). The following geochemical 

properties of the tailings must be defined prior to selection of a disposal technology:  

 Mineralogy 

 Acid Generation Potential 

 Net Acid Generation pH 

 Leachability 

 Rate of Oxidation 

4.2.1 Mineralogy  

The composition of the copper tailings must be defined to predict what minerals may potentially 

become soluble or oxidized (MEND 1991, USEPA 1994b). Mineralogical testing is performed to identify 

the minerals present within the copper tailings. X-ray diffraction, optical microscopic, and electron 

microscope are a few analyses that can be utilized to determine the mineral composition of the tailings. 

The mineralogical and acid base accounting (ABA) analyses results are utilized to identify the acid 

generation potential (AGP) and acid neutralization potential (ANP) of the tailings (USEPA 1994b).  

4.2.2 Acid Generation Potential 

The acid generation potential (AGP) is utilized to define the probability of the copper tailings to 

generate acid. Acid base accounting (ABA) is a static test and, with mineralogical test results, is utilized to 

identify the AGP and ANP of the copper tailings. The AGP is a measurement of total, soluble, extractable 

and residual sulfide present within the tailings (USEPA 1994b). The ANP is measured from the amount of 

carbonate minerals present within the tailings to neutralize that addition of acid (USEPA 1994b). The 

tailings are considered acid generating if the AGP is greater than the ANP (MEND 1991).  
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4.2.3 Net Acid Generation pH 

Net acid generation (NAG) pH test results are utilized in addition to the ABA test results to 

classifying the AGP of a sample. Acid generation and neutralization reactions are forced to occur 

simultaneously during the NAG pH test (Miller et al. 1997). The net result of the acid generation and 

neutralization reactions provides a total measurement of the amount of acid generated. The pH 

measurement is recorded, and a pH of less than 4.5 indicates the sample is potentially NAG.  

4.2.4 Leachability 

A short-term leach test is performed utilizing the USEPA’s Synthetic Precipitation Leaching 

Procedure (USEPA 1994a) to simulate precipitation and runoff that can occur with a tailings sample. 

Metals with the potential to leach into the environment are identified. If the tailings are anticipated to be 

coarse sand with minimal fines, a meteoric water mobility procedure (MWMP) rapid leach test can be 

substituted.  

4.2.5 Rate of Oxidation 

A humidity cell test is utilized to determine the rate of pyrite oxidation in a humid environment, 

and is intended to simulate weathering that can occur during periods of dry and wet air flow (MEND 

1991).  Test results are utilized to determine acid generation rates (EPA 1994b) and variations in the 

concentrations of metals within the tailings for the test duration (MEND 1991).  

4.3 Design Considerations  

The following design considerations must be addressed prior to selection of a disposal 

technology, and are influenced by the geotechnical and geochemical characteristics of the tailings 

(Kujawa 2011, Barerra and Caldwell 2015): 

 Surface Water and Groundwater 

 Capacity 

 Consolidation and Settlement 

 Stability 
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Accounting for these geotechnical and geochemical considerations during the design phase of a mine is 

more efficient approach than making adjustments after the mine is operational (Edraki et al. 2014).  

4.3.1 Surface Water and Groundwater 

The influence of surface water infiltration, seepage and runoff should be considered prior to the 

selection of a tailings disposal technology. Surface water may infiltrate the tailings and can initiate a 

series of chemical reactions that dissolves metals, as described above. Seepage through the tailings and 

into the groundwater or surface water systems as AMD may occur, transporting the dissolved metals and 

altering the surrounding environment (Dold and Fontbote 2002, Hesketh et al. 2010, Sima et al. 2011). 

Surface water may also erode and carry fine tailings particles outside of the disposal facility footprint 

(Franks et al. 2011). Additional water treatment processes may be required prior to discharge into the 

environment (Al and Blowes 1999). Engineered control structures may be constructed to divert surface 

water away from the disposal facility and only allow stormwater to come into contact with the tailings. 

Engineered liner systems may also be constructed to encapsulate the disposed tailings and prevent 

seepage into the environment (Barrera et al. 2011). Tailings may also be disposed under water to prevent 

sulfide oxidation (Acero et al. 2007). Accurate infiltration, seepage and runoff estimates must be achieved 

and accounted for in the disposal technology design.  

4.3.2 Capacity 

A tailings disposal facility must be designed to a capacity that considers the volume of tailings 

that will come out of the process facility. Both the total volume of fluids added during processing, and the 

tailings produced must be accurately estimated prior to selection of a disposal technology. The capacity 

of the disposal facility must be designed to accommodate the total volume. The ultimate design capacity 

of a facility is driven by the amount of consolidation that may occur within the tailings (Gjerapic et al. 

2008). Variations can occur during ore processing, producing tailings that may vary from the design 

(Barrera et al. 2011). The tailings material availability can also vary, and may limit the construction 

material available to meet design capacities.  
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4.3.3 Consolidation and Settlement 

Consolidation occurs as fluid is drawn out and removed from the tailings, reducing the total 

volume of the tailings (Ritchie et al. 2009). The density of the tailings increases and settlement occurs as 

the tailings consolidate. Poor consolidation of the tailings can occur if there is a high percentage of clay 

sized particles present, inhibiting the drainage of fluid from the pore spaces, making settlement of the 

tailings difficult to predict. If tailings are disposed of within an embankment, the rate of placement must be 

maintained to not increase pore pressure, which would cause a decrease in strength of the underlying 

tailings (Davies 2002).  

4.3.4 Stability 

A tailings disposal technology must maintain geochemical and geotechnical stability. Seepage 

through the tailings, weathering, and erosion can result in both structural deformation of a disposal 

technology (Kossoff et al. 2014) over time, and the formation of AMD through oxidation of sulfide minerals 

(Dold and Fontbote 2002, Hesketh et al. 2010, Sima et al. 2011). An accurate prediction of the tailings’ 

geochemistry is required to prevent AMD formation and maintain long-term stability of the disposal 

technology (Osanloo et al. 2008, Smuda et al. 2008). Consolidation of the tailings can occur over time as 

fluid is drawn out and removed, and may result in settlement of the tailings. An accurate prediction of 

tailings settlement is required to design and maintain long-term stability of the disposal technology.  

A tailings disposal facility must maintain containment of the tailings during a seismic event 

(Barrera et al. 2011). The frequency and duration of the seismic event and associated ground 

accelerations are site-specific and should be considered during selection of the tailings disposal 

technology (Barrera et al. 2011). It is also important to estimate the post-seismic strength of the tailings, 

as a decrease in strength compared to pre-seismic strength is likely. Liquefaction can occur within 

saturated tailings during seismic loading (Boulanger and Idriss 2006). The greater the degree of 

saturation, the greater the likelihood of liquefaction occurring, resulting in deformation of the tailings and 

the disposal facility (Barrera et al. 2011). Sand sized particles that are separated for construction of a 

surface impoundment are typically unsaturated and are less likely to be liquefied under seismic loading 

(Boulanger and Idriss 2006, Ritchie et al. 2009). Significant strains can develop during a seismic event, 
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resulting in a temporary loss of strength within the tailings, causing it to behave like a liquid. Pore water 

pressures can increase due to seismic loading, resulting in a reduction of tailings strength (Ritchie et al. 

2009). Displacement is likely to occur once the tailings liquefy. Resistance to liquefaction increases as the 

tailings density increases and fluid content decreases (Boulanger and Idriss 2006).  
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CHAPTER 5 

 
TAILINGS DISPOSAL TECHNOLOGIES 

 
There are site-specific design considerations that can influence the selection of a tailings disposal 

technology. This chapter presents the site-specific design considerations and the current tailings disposal 

technologies including:  

 Impoundment 

 Submarine Placement 

 Open Pit Backfill 

 Tailing and Waste Rock Combined Placement 

 Underground Backfill 

 Dry Stack 

The disposal technologies are listed in general order of increasing percent solids, increasing level of 

dewatering the tailings have undergone, from impoundment to dry stack placement.  

5.1 Site-Specific Considerations  

Influences from tailings disposal can be reduced by selecting a tailings disposal technology that 

minimizes the potential consequences of failure. The following site-specific considerations must be 

addressed prior to selection of a disposal technology (Kujawa 2011, Lowrie 2002):  

 Location 

 Climate 

 Geology 

 Water 

5.1.1 Location 

For surficial tailings disposal technologies, the location of the disposal facility should be selected 

based on the most economic transport method, ability to meet capacity requirements, minimal 
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disturbance to the environment, and post-closure land use. For backfill tailings disposal technologies, the 

location of the disposal facility should be selected considering the location of voids to be backfilled.  

 The distance between the process and disposal facilities will determine the distance the tailings 

will need to be transported through a series of pumps and pipes, truck haulage, or conveyor (Kossoff et 

al. 2014). Generally, tailings transport costs are higher for disposal facilities located further from the 

processing facility, and lower for disposal facilities located near the processing facility. Placement of the 

disposal facility downgradient from the processing facility will allow for utilization of gravity transport and 

may decrease overall tailings transport costs. The disposal facility location must meet design capacities. 

Surrounding footprint availability is desirable and may provide the facility space to expand into should 

capacity requirements change.  

 A tailings disposal facility footprint should be selected to maintain a distance from water 

resources, natural wildlife habitats, and sites of archaeological importance that will result in minimal 

disturbance. The disposal facility footprint must also be located within the mine owner’s property 

boundary and situated to not impact surrounding properties, existing utility corridors, and access roads. 

Visibility of the disposal facility must also be considered when selecting a location. Post-closure land use 

options should be considered and closure plans developed that attempt to restore the disposal facility 

footprint to pre-mine conditions.  

5.1.2 Climate 

Average and extreme climate conditions can influence the selection of a disposal technology 

(Dold and Fontbote 2001). Temperature averages, seasonal variations, and extremes are important for 

water management. Water evaporation increases with increasing temperature, and can result in a 

shortage of water available to meet ore processing demands. Alternatively, low temperatures can induce 

freezing and result in a shortage of available water. Water may be diverted from natural resources to 

make up this deficit, however such withdrawals will likely be subject to existing downstream water rights.  

Precipitation averages, seasonal variations, and extremes are also important for water 

management. Drought conditions can result in a shortage of water available. Alternatively, periods of 

extreme precipitation or storm events can result in an excess of water available (Schoenberger 2016). 



39 
 

Water, in addition to what is required by the mine, must be either stored or discharged into the 

environment. Any discharge into the environment must meet regulatory requirements, and may require 

treatment prior to discharge into the environment. Construction of an on-site water treatment facility must 

be considered during selection of the disposal facility as this may influence the location selection and 

disposal capacity available. Wind and water erosion during large storm events may also influence the 

geotechnical and geochemical stability of the disposal facility, and transport tailings outside of the 

disposal facility footprint.  

5.1.3 Geology 

The local geology determines what materials are readily available for use in construction of the 

disposal facility (Kossoff et al. 2014). Local materials may be utilized for construction of the tailings 

disposal facility containment embankment, foundations, or as additives to the tailings prior to backfill 

placement. Knowledge of the surrounding mineralization is critical for selection of a disposal facility 

footprint that will not impact future expansion potential of the mine. The location of geologic structures 

such as faults may influence stability of both the disposal facility and the surrounding topography.  

5.1.4 Surface Water and Groundwater 

Existing surface water drainage basins can be altered with the placement of a tailings disposal 

facility. Surface water may be diverted around a facility to minimize the potential for contact with the 

tailings. The amount of water to be diverted increases as the size of the surface water basin increases. 

Generally, the cost of surface water diversions is higher with larger basins. The location of groundwater is 

important to estimate the potential for seepage into the groundwater system.  

5.2 Impoundment Tailings Disposal Technology 

Impoundments are the primary technology utilized for the disposal of a conventional tailings 

slurry, although dewatered paste and thickened tailings may also be placed within the impoundment. 

Embankments or dams are utilized to retain the tailings within the impoundment. Water and process fluids 

are often stored on the top of the impoundment in a tailings pond, and decant systems are utilized to 

control the fluid levels. Consolidation of the tailings forces fluids within pore spaces upward, also 

contributing to the tailings pond fluid level. An impoundment can be designed to accommodate water 
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supply fluctuations, and to recycle fluids back into the mining process as required. The tailings pond 

minimizes the potential for tailings dust migration outside of the facility footprint. Perimeter fencing is 

typically installed to prevent wildlife access to the tailings pond, and the placement of plastic balls (bird 

balls) within the tailings pond act as a floating cover and may deter birds from landing on the pond.  

5.2.1 Construction Methods 

There are three methods for tailings impoundment construction that vary by embankment design 

configuration, as illustrated in Figure 5.1: upstream, centerline, and downstream (Vick 1990). Each 

configuration begins with the construction of a starter dam and then varies with subsequent raises. The 

dams are typically built in stages utilizing waste rock or filtered sand tailings (Wei et al. 2009, Barrera and 

Caldwell 2015, Schoenberger 2016).  

The downstream construction method has progressive raises constructed overlying the starter 

dam or previous raise, maintaining a uniform interior, upstream slope as depicted in Figure 5.1. This is 

generally the most stable method for construction of subsequent raises, however it requires the greatest 

quantity of material to construct. Greater material quantities equate to higher construction costs. The rate 

of construction for the dam and the rate of tailings deposition is of less concern with the downstream 

method, as an entirely new dam is constructed and the foundation is extended further downstream with 

each raise. The tailings pond location, decant, and fluid recycling system will be moved with each 

subsequent raise. The coarse tailings material settles closer to the dam, forming a beach between the 

dam crest and the tailings pond, while the fine tailings settle within the pond footprint (Yin et al. 2011).   

The centerline construction method has progressive raises constructed directly above the 

centerline of the starter dam or previous raise as depicted in Figure 5.1. A portion of the subsequent raise 

will overlay deposited tailings from the previous raise, making this method generally less stable than the 

downstream construction method. Much of the subsequent raises will be constructed over the previous 

raise, and will extend slightly downstream. This is a lower cost configuration as it requires lower material 

quantities for construction than the downstream method. The rate of construction for the dam and the rate 

of tailings deposition is of greater concern with the centerline method, as a portion of the subsequent dam 

will be constructed overlying the disposed, potentially unconsolidated tailings. The tailings pond location, 
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decant, and fluid recycling system will not move with each subsequent dam raise. Like the downstream 

construction method, a coarse tailings beach forms between the dam crest and the tailings pond, while 

the fine tailings settle within the pond footprint (Yin et al. 2011).   

 

Figure 5.1 Generalized cross section of the downstream, centerline, and upstream configurations for 
construction of the impoundment tailings disposal technology. Adapted from Vick (1990) and the State 
Government of Victoria (2016). 

 

The upstream construction method has progressive raises constructed overlying both the tailings 

and starter dam or previous raise, maintaining a uniform exterior, downstream slope as depicted in Figure 

5.1. The subsequent raises progressively move upstream with a larger portion of the subsequent raise 

overlying tailings from the previous raise, making this method less stable than both the downstream and 

centerline methods (Yin et al. 2011, Kossoff et al. 2014). There is no downstream extension of the 

impoundment footprint required with the upstream method, and it is generally the least costly option, 

requiring the lowest amount of construction quantities. The rate of construction for the dam and the rate of 
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tailings deposition is of greatest concern with the upstream method, as a larger portion of the subsequent 

dam will be constructed overlying the disposed, likely unconsolidated tailings. This method is not typically 

utilized in modern construction due to the reliance on the disposed tailings as a structural foundation. Like 

the downstream and centerline construction method, a coarse tailings beach forms between the dam 

crest and the tailings pond, while the fine tailings settle within the pond footprint (Yin et al. 2011).  

5.2.2 Disposal Technology Considerations 

Stored energy and water within the impoundment must be considered during the design, 

construction, operation, and closure of the tailings impoundment (Franks et al. 2011). Should failure of the 

impoundment or seepage through the foundation and the facility occur, the tailings and fluids will mobilize 

and extend beyond the design footprint, increasing the footprint of environmental influence (Vick 1990, 

Kossoff et al. 2014). Reducing the amount of ponded water on top of the impoundment and dewatering 

the tailings can lower the potential failure consequences. However, the tailings may become oxidized and 

mobilize as dust if not submerged (Kossoff et al. 2014). Reducing the slope angle of the dam will increase 

stability of the impoundment, but will also result in an increase in construction material requirements and 

associated costs. Where water is scarce (arid climates), reducing the tailings pond and dewatering the 

tailings may be favorable (Franks et al. 2011). Alternatively, where water is abundant (humid climates), 

maintaining the tailings pond, dewatering the tailings, and reducing the slope angle of the dam may be 

favorable.  

Stability of the impoundment must also be considered during design, construction, operation and 

closure (Grangeia et al. 2011). Weak zones within the foundation footprint should be characterized and 

potentially removed prior to dam construction and tailings disposal (Vick 1990, Franks et al. 2011, Kossoff 

et al. 2014). The slope angle of the dam should be designed to maintain stability while retaining the 

disposed tailings, and consider the cost of construction materials. Vertical drains can be installed to 

dissipate excess pore pressure within the tailings, and may be considered in areas of high seismic activity 

where the additional material cost is offset by the benefits (Obermeyer and Alexieva 2011). Consolidation 

of the tailings can occur, resulting in surface deformation that may limit post-mine land use options. Slope 

armoring may be employed where erosion of the dam slope is a concern.  
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5.3 Submarine Placement Tailings Disposal Technology 

Submarine placement disposal technology is utilized for the disposal of a conventional tailings 

slurry. The submarine disposal technology is limited to facilities located near a water source, and is not a 

typically preferred method for tailings disposal due to environmental and social influences. If employed, 

tailings disposal utilizing submarine placement should be deep enough to avoid influencing the shallow 

aquatic environment (Franks et al. 2011).  

Submarine tailing disposal may be considered in areas of high seismicity, humid climates where 

oxidation and precipitation are difficult to control, or where land for surface disposal is not available 

(Franks et al. 2011). Disposal costs are relatively low compared to other disposal methods, however there 

can be unforeseen environmental remediation costs. Tailings containment is not monitored or maintained 

through submarine placement, and the reactions with the ocean environment are not fully understood 

(Franks et al. 2011).    

5.4 Open Pit Backfill Tailings Disposal Technology 

Open pit backfill technology is utilized for the disposal of conventional tailings slurry, although 

dewatered paste and thickened tailings may also be placed as backfill. The tailings are utilized to stabilize 

the existing pit slopes and minimize the visual influence of the open pit once mining is complete. A pit 

lake may form above the tailings from surface water or groundwater flow as shown in Figure 5.2. 

Perimeter fencing is typically installed to prevent wildlife access to the tailings pond.  

Mining within the pit must be complete prior to placement of the tailings backfill. Ore processing 

and the production of tailings will coincide with mine excavation during operation. Temporary storage of 

the tailings prior to backfill placement will need to be considered, and may result in environmental 

disturbance within the temporary disposal facility footprint and additional costs (Franks et al. 2011). A 

staged schedule for mine excavation could be implemented to delay processing of the ore, though this 

could result in additional ore stockpile construction and may not be economical for large mine operations.  
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Figure 5.2 Generalized cross section of the open pit backfill tailings disposal technology.  

 

As with the impoundment disposal technology, consolidation of the tailings can occur with open 

pit backfill and may result in surface deformation. The potential for surface deformation limits the post-

mine land use options. Future mine expansions may be limited should backfill be placed where access to 

mineralization that extends beyond the current pit footprint is covered with tailings backfill. The potential 

for groundwater contamination is also a concern, and knowledge of the geochemical composition of the 

tailings and location of groundwater is required to prevent contamination. A geomembrane liner may be 

installed within the pit, prior to tailings backfill placement, to minimize seepage potential. However, steep 

pit slopes and additional material cost may limit the potential for geomembrane liner installation.  

5.5 Tailings and Waste Rock Combined Placement Disposal Technology 

Tailings and waste rock combined placement technology is utilized for the disposal of dewatered 

paste and thickened tailings with waste rock in a single stockpile disposal facility. The combination of 

waste materials reduces the footprint required for construction of two separate facilities, though the 

footprint of a single facility will be slightly larger to accommodate both waste volumes. The general 

concept is that the fine tailings particles will fill the void spaces present within larger waste rock material 

(Barrera and Caldwell 2015).  

5.5.1 Construction Methods 

There are two methods for tailings and waste rock combined placement that vary by deposition 

as illustrated in Figure 5.3: co-disposal and co-mingled. The combined waste rock and tailings are 
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stockpiled above an engineered foundation and do not require the construction of additional containment 

structures.   

 

Figure 5.3 Generalized cross section of the tailings and waste rock combined placement disposal 
technology. 

 

The co-disposal construction method includes placement of tailings and waste rock materials in 

alternating layers within a single stockpile (Barrera and Caldwell 2015) as depicted in Figure 5.3. In 

practice this is less likely to have continuous, alternating tailings and waste rock layers that span the 

extent of the stockpile as shown, and will be layered based on the availability of waste material for 

placement. The fine tailings placement is restricted to areas toward the center of the stockpile and the 

waste rock should be placed along the perimeter to contain the finer tailings. Tailings and waste rock 

segregation is likely to occur within a co-disposal facility. 

The co-mingled construction method includes mixing of the tailings and waste rock prior to 

placement as a single material in a single stockpile (Barrera and Caldwell 2015) as depicted in Figure 5.3. 
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The overall mine disturbance footprint may increase with construction of a separate mixing facility, though 

construction of two separate disposal facilities, one for tailings and one for waste rock, will likely have an 

overall larger footprint than a co-mingled facility and mixing plant. Consolidation of the co-mingled facility 

is likely to occur at a faster rate than the co-disposal facility as small tailings particles fill the void spaces 

of larger waste rock particles during mixing. Decreasing the void space will decrease the overall volume 

placed within the disposal facility and may result in a smaller design footprint required for a co-mingled 

facility. 

5.5.2 Disposal Technology Considerations 

Co-disposal and co-mingling technologies can reduce the overall footprint required for the 

construction of separate waste rock and tailings disposal facilities. Co-mingling can reduce the potential 

for oxidation, infiltration, and AMD by filling void spaces typically present within the waste rock with 

tailings material (Barrera and Caldwell 2015). As with the impoundment and dry stack disposal 

technologies, stability of the stockpiles must be considered during design, construction, operation, and 

closure (Grangeia et al. 2011). Weak zones within the foundation footprint should be characterized and 

potentially removed prior to tailings disposal (Vick 1990, Franks et al. 2011, Kossoff et al. 2014). The 

slope angle should be designed to maintain stability.  

5.6 Underground Backfill Tailings Disposal Technology 

Underground backfill technology is utilized for the disposal of dewatered paste and thickened 

tailings. The tailings provide stabilization of underground voids as underground structural support (Franks 

et al. 2011), and can potentially eliminate the need for surface disposal facilities. The placement of 

underground backfill must be considered in the overall mine schedule (Schoenberger 2016). Ideally, 

backfill with thickened tailings would occur immediately after ore processing and mineral extraction, and 

underground excavation has advanced beyond the backfill placement location. Similarly, backfill with 

paste tailings would occur immediately after ore processing, mineral extraction, and additives have been 

mixed, and underground excavation had advanced beyond the backfill support placement location.  

A surface disposal facility may still be required depending on the material balance between the 

underground excavation backfill placement requirements and the paste or thickened tailings generated. If 
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a balance is not achieved, a temporary surface tailings storage facility will need to be constructed creating 

an environmental disturbance. Similar to the open pit backfill disposal technology, knowledge of the 

geochemical composition of the tailings and location of groundwater is required to prevent contamination 

of the groundwater system (Tariq and Yanful 2013).  

Dewatered paste tailings can be engineered with additives to achieve a design strength required 

for underground support systems, while thickened tailings are typically utilized to backfill voids. However, 

economic concerns include the cost to achieve the design criteria utilizing additives. Dewatered paste 

tailing placement as underground support backfill requires specific quantity mixtures of tailings with 

aggregates and cement (Tariq and Yanful 2013). The curing time for cemented paste backfill is typically 

longer than concrete, and the physical properties of cured backfill are between soil and soft rock (Tariq 

and Yanful 2013). Seepage through the cemented paste backfill is less than seepage through an 

uncemented backfill, resulting in a decreased potential for metal leaching.  

5.7 Dry Stack Tailings Disposal Technology 

Dry stack technology is utilized for the disposal of filtered tailings. Dry stack tailings disposal does 

not require construction of embankments to retain the tailings, and the tailings are instead stacked into a 

stockpile. Dry stack disposal facilities generally have smaller footprints than conventional slurry 

impoundments due to the removal of fluids prior to disposal (Schoenberger 2016). A low-permeability 

foundation is often required to support the overlying stockpile and prevent residual fluid or stormwater 

infiltration from seeping through the stockpile foundation.  

Dry stack tailings facilities can be utilized in arid environments, areas of high seismicity, and 

where materials are not present to construct dams required for an impoundment. Maintaining consistency 

of the filtered tailings to meet the design requirements can be a challenge due to inconsistencies within 

the ore processing and mineral extraction methods. The elimination of ponded water associated with 

impoundments reduces the consequence of failure and environmental influences (Franks et al. 2011, 

Schoenberger 2016). However, an additional facility may be required to store processing fluids in the 

absence of a tailings pond. There is a potential for environmental contamination outside of the facility 
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footprint through tailings dust migration (Kossoff et al. 2014) and slope erosion, and the high processing 

costs to dewater the filtered tailings must be considered (Shoenberger 2016).  

As with the tailings impoundment disposal technology, stability of the dry stack must also be 

considered during design, construction, operation and closure (Grangeia et al. 2011). Weak zones within 

the foundation footprint should be characterized and potentially removed prior to tailings disposal (Vick 

1990, Franks et al. 2011, Kossoff et al. 2014). The slope angle of the facility should be designed to 

maintain stability, and slope armoring may be employed where erosion of the dry stack slope is a 

concern. The potential for surface deformation is less than with impoundments. 

5.8 Other Technologies 

Other tailings disposal technologies that are not yet widely applied include the utilization of 

tailings as additives for structural fill and construction material. The quantity of tailings produced currently 

exceeds the amount that can be reused, and traditional tailings disposal technologies are still required. 

Asphalt mixtures have been tested where copper tailings are utilized as a substitute for aggregates and 

have met design standards equivalent to a non-substitute aggregate mix (Oluwasola et al. 2015). 

Concrete mixtures have also been tested where copper tailings are utilized as additives and have 

achieved similar compressive and tensile strength as concrete without tailings additives (Onuaguluchi and 

Eren 2012). Ongoing research and laboratory testing for the use of copper tailings in the manufacturing 

of construction bricks is being conducted at the University of Arizona. Test results have indicated that 

copper tailings can be utilized to produce bricks that meet equivalent standards as the conventional 

bricks (Ahmari and Zhang 2012).  
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CHAPTER 6 

 
QUALITATIVE RISK ASSESSMENT OF TAILINGS DISPOSAL TECHNOLOGIES 

 
A qualitative risk assessment of current copper tailings disposal technologies was performed to 

identify key drivers for consideration during the selection of each technology, relative to the other 

available technologies. The assessment was divided into two parts to evaluate risk from: 1) the 

environmental, social, and economic elements described in Chapter 2; and 2) the geotechnical, 

geochemical and site-specific design elements described in Chapters 4 and 5. Risk is ranked critical, 

high, moderate, or low for each element, based on the likelihood and severity of the element should be 

considered during the selection of a tailings disposal technology, as shown in Table 6.1.  

 

Table 6.1. Risk matrix for assessment of the likelihood and severity of an element to influence selection of 
a disposal technology. 

Likelihood 
Severity 

Negligible 
(1) 

Minor 
(2) 

Marginal 
(3) 

Major 
(4) 

Always 
(4) 

Low 
(4) 

Moderate 
(8) 

High 
(12) 

Critical  
(16) 

Likely 
(3) 

Low 
(3) 

Moderate 
(6) 

Moderate 
(9) 

High 
(12) 

Unlikely 
(2) 

Low 
(2) 

Low 
(4) 

Moderate 
(6) 

Moderate 
(8) 

Rare 
(1) 

Low  
(1) 

Low 
(2) 

Low 
(3) 

Low 
(4) 

 

 

A critical rank implies the element will always be a major driver for consideration during the 

selection of a tailings disposal technology. A high rank implies the element will either always be a 

marginal driver, or likely be a major driver for consideration during the selection of a tailings disposal 

technology. A moderate rank implies the element will either always or likely be a minor driver, likely or 

unlikely be a marginal driver, or unlikely be a major driver for consideration during the selection of a 

tailings disposal technology. A low rank implies either the severity is negligible or the likelihood of 
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occurrence is rare for an element to be a driver for consideration during the selection of a tailings disposal 

technology. A rank of variable was assigned to an element with site-specific dependencies that limit 

qualitative assessment of both likelihood and severity of the element. For this risk assessment, elements 

with a critical, high, and variable rank are key drivers for consideration during the selection of a tailings 

disposal technology. 

6.1 Environmental, Social, and Economic Elements 

A qualitative risk assessment was performed to identify key environmental, social, and economic 

drivers for consideration during the selection of a tailings disposal technology. Environmental elements 

utilized for the assessment include land disturbance, water disturbance, and area contamination resulting 

from dust, noise, and carbon dioxide (CO2) emissions. Social elements utilized for the assessment 

include imposed cost, public health, public safety, political and regulatory climate, and aesthetics and land 

use. Economic elements utilized for the assessment include costs associated with processing, 

construction, temporary storage, and potential failure; investor confidence; ground conditions; and 

resource extents.  

6.1.1 Qualitative Risk Assessment – Environmental Elements 

A summary of the qualitative risk assessment for environmental elements is presented in Table 

6.2. Environmental elements utilized for the assessment include land disturbance, water disturbance, and 

area contamination resulting from dust, noise, and carbon dioxide (CO2) emissions.  

Land availability for construction and disturbance to the natural ground topography within the 

footprint of a tailings disposal facility relates to the size required for tailings disposal. Technologies that 

involve tailings disposal above the natural ground topography (i.e. impoundment, co-disposal, co-mingle, 

dry stack) result in greater surface disturbance. A critical rank was assigned, indicating that land 

availability and disturbance inside the facility footprint is a key driver for consideration during selection of 

a surface disposal technology. The submarine placement tailings disposal technology will alter the natural 

ground topography of the sea floor, and was assigned a moderate rank. Technologies that involve pit or 

underground tailings disposal (i.e. open pit backfill and underground backfill) have minimal surface  
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Table 6.2. Summary of the qualitative risk assessment for environmental elements.  

Tailings Disposal 
Technology 

Risk Assessment – Environmental Elements 
Land Availability and 

Disturbance 1 
Water Disturbance 2 Area Contamination 3 

Inside 
Footprint 

Outside 
Footprint 

Inside 
Footprint 

Outside 
Footprint 

Dust  Noise CO2 

Impoundment 

Downstream 
Critical  

(16) 
High 
(12) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(6) 

Moderate 
(6) 

Centerline 
Critical  

(16) 
Moderate 

(9) 
Moderate 

(8) 
Moderate 

(8) 
Moderate 

(8) 
Moderate 

(6) 
Moderate 

(6) 

Upstream 
Critical  

(16) 
Low 
(4) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(6) 

Moderate 
(6) 

Submarine Placement 
Moderate 

(8) 
High 
(12) 

High 
(12) 

High 
(12) 

Low  
(1) 

Low 
(4) 

Low 
(4) 

Open Pit Backfill 
Low 
(2) 

Low  
(1) 

Moderate 
(6) 

Moderate 
(6) 

Low 
(2) 

Low 
(4) 

Low 
(4) 

Tailings & 
Waste Rock 

Co-Disposal 
Critical  

(16) 
Low 
(3) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(6) 

Moderate 
(6) 

Co-Mingle 
Critical  

(16) 
Low 
(3) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(8) 

Moderate 
(6) 

Moderate 
(6) 

Underground 
Backfill 

Thickened 
Low  
(1) 

Low 
(2) 

Moderate 
(6) 

Moderate 
(6) 

Low 
(2) 

Low 
(4) 

Low 
(4) 

Paste 
Low  
(1) 

Low  
(1) 

Moderate 
(6) 

Moderate 
(6) 

Low 
(2) 

Low 
(4) 

Low 
(4) 

Dry Stack 
Critical  

(16) 
Low 
(3) 

Moderate 
(8) 

Moderate 
(8) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

 

Notes: 1  Land disturbance is divided into two categories to address the potential for disturbance to the natural ground topography within and 
  beyond the tailings disposal facility footprint.  

2 Water disturbance is divided into two categories to address the potential for disturbance to the submarine, surface water, and  
 groundwater environment within and beyond the tailings disposal facility footprint. 
 3 Area contamination includes dust, noise, and carbon dioxide (CO2) that may be present within the vicinity of a tailings disposal facility,  
 Resulting from disposal activities.  
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disturbance, and were assigned a low rank. Tailings placed as open pit or underground backfill may 

decrease the potential for ground subsidence and restore the area to pre-mine ground topography.  

Land availability for construction and disturbance to the natural ground topography outside of the 

footprint of a tailings disposal facility relates to the potential for the tailings to move after placement, and 

expansion of the facility beyond the initial footprint to accommodate greater tailings disposal quantities. 

The submarine placement and downstream impoundment disposal technologies were assigned a high 

rank, indicating land disturbance outside of the facility footprint is a key driver for consideration during 

selection of both disposal technologies. The centerline impoundment disposal technology will have some 

disturbance beyond the initial facility footprint resulting from subsequent raises to accommodate greater 

disposal quantities, and was assigned a moderate rank. All other technologies (i.e. upstream 

impoundment, open pit backfill, co-disposal, co-mingle, underground backfill, dry stack) will have minimal 

disturbance outside of the facility footprint, and were assigned a low rank.  

Disturbance to the submarine, surface water, and groundwater environments within and outside 

of the footprint of a tailings disposal facility can occur with all tailings disposal technologies. Submarine 

placement was assigned a high rank, indicating water disturbance within and outside of the facility 

footprint is a key driver for consideration during selection of the disposal technology, due to the direct 

disposal of tailings into a marine environment and the uncertainty of potential physical and chemical 

interactions (Franks et al. 2011). Surface disposal technologies (i.e. impoundment, co-disposal, co-

mingle, dry stack) typically require construction of surface water diversions to minimize contact with the 

tailings and to prevent erosion of the disposal facility, resulting in alteration of existing drainage paths, 

and were assigned a moderate rank. Open pit and underground backfill technologies may alter 

groundwater levels and chemistry, and were also assigned a moderate rank.  

Area contamination by dust may occur with the absence of water and moisture within the tailings, 

and in both arid and high wind environments. The dry stack placement disposal technology was assigned 

a high rank, indicating dust is a key driver for consideration for selection of the disposal technology, due 

to the high level of dewatering the tailings will undergo prior to placement (Edraki et al. 2014). Surface 

disposal technologies (i.e. impoundment, co-disposal, co-mingle) are susceptible to dust generation and 
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were assigned a moderate rank. Submarine placement, open pit backfill, and underground backfill are not 

likely to produce dust contamination and were assigned a low rank.   

Area contamination by both noise and by carbon dioxide (CO2) is largely attributed to the 

equipment required for construction and operation of the disposal facility, and the equipment required for 

transport of the tailings to the disposal facility. Surface disposal technologies (i.e. impoundment, co-

disposal, co-mingle, dry stack) were assigned a moderate rank for noise and CO2 contamination. In 

general, submarine placement, open pit backfill, and underground backfill disposal technologies require 

less equipment for construction and operation of the disposal facility, and were assigned a low rank.  

6.1.2 Qualitative Risk Assessment – Social Elements 

A summary of the qualitative risk assessment for social elements is presented in Table 6.3. Social 

elements utilized for the assessment include imposed cost, public health, public safety, political and 

regulatory climate, and aesthetics and land use.  

Unanticipated costs can be imposed on the local community if a mine operation is suspended 

(Franks et al. 2011), resulting in a potential reallocation of funds away from other community services. 

Tailings disposal facilities that are left unattended are susceptible to failure, and the costs to remediate 

the facility and impacted areas may be placed directly on the community. The impoundment tailings 

disposal technology may result in greater cost to the community should a mine operation unexpectedly 

cease, and was assigned a high rank, indicating that imposed cost is a key driver for consideration during 

selection of the impoundment disposal technology. A moderate rank was assigned to the remaining 

surface disposal technologies (i.e. co-disposal, co-mingle, dry stack). A low rank was assigned to the 

submarine and backfill (i.e. open pit, thickened, paste) disposal technologies.  

Ensuring the health and safety of the mine workers and members of the local community is 

required to maintain a positive public perception and productive mine operation. All tailings disposal 

technologies have the potential to adversely influence both the surface and groundwater systems relied 

upon by the surrounding community. Surface disposal technologies (i.e. impoundment, co-disposal, co-

mingle, dry stack) in a greater impact on public health and safety, primarily resulting from the potential 
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Table 6.3. Summary of the qualitative risk assessment for social elements.  

Tailings Disposal 
Technology 

Risk Assessment – Social Elements 

Imposed 
Cost 1 

Public 
Health 2 

Public 
Safety 3 

Political and 
Regulatory 
Climate 4 

Aesthetics 
and Land 

Use 5 

Impoundment 

Downstream 
High 
(12) 

Moderate 
(8) 

Moderate 
(8) 

Variable 
High 
(12) 

Centerline 
High 
(12) 

Moderate 
(8) 

Moderate 
(8) 

Variable 
High 
(12) 

Upstream 
High 
(12) 

Moderate 
(8) 

Moderate 
(8) 

Variable 
High 
(12) 

Submarine Placement 
Low 
(4) 

Low 
(4) 

Low 
(4) 

Variable 
Low  
(1) 

Open Pit Backfill 
Low 
(4) 

Low 
(4) 

Low 
(4) 

Variable 
Low 
(4) 

Tailings & 
Waste Rock 

Co-Disposal 
Moderate 

(9) 
Moderate 

(8) 
Moderate 

(8) 
Variable 

Moderate 
(9) 

Co-Mingle 
Moderate 

(9) 
Moderate 

(8) 
Moderate 

(8) 
Variable 

Moderate 
(9) 

Underground 
Backfill 

Thickened 
Low  
(4) 

Low 
(4) 

Low 
(4) 

Variable 
Low 
(2) 

Paste 
Low  
(4) 

Low 
(4) 

Low 
(4) 

Variable 
Low 
(2) 

Dry Stack 
Moderate 

(6) 
Moderate 

(6) 
Moderate 

(6) 
Variable 

Moderate 
(6) 

 

   Notes: 1 Imposed cost includes the unanticipated financial burden that may be placed on the local community in   
   the event a mine suddenly ceases operation.   

  2 Public health, including health of the mine workers and local community, may be adversely affected by the 
   construction, operation, or failure of a tailings disposal facility. 

   3 Public safety, including safety of the mine workers and local community, may be adversely affected by the  
  construction, operation, or failure of a tailings disposal facility.  
   4 The political climate varies globally and has site-specific dependencies that limit qualitative assessment.   
   5 Aesthetics and land use include the visual effect and potential for post-mine land use of a tailings disposal  
    facility.    
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failure of the facility, and were assigned a moderate rank. A low rank was assigned to the submarine and 

backfill (i.e. open pit, thickened, paste) disposal technologies. 

The political climate will influence regulations that may govern tailings disposal and safe work 

practices (Warhurst and Mitchess 2000). A variable rank was assigned for all tailings disposal 

technologies, since the political climate is site-specific and varies globally, indicating that the political and 

regulatory climate is a key driver for consideration during the selection of all tailings disposal 

technologies.  

Minimizing visual effects on the natural ground topography and planning for post-mine land use of 

a tailings disposal facility may help to preserve the positive reputation of a mining company within the 

community (Warhurst and Mitchess 2000). All surface disposal technologies have a visual effect on the 

surrounding environment and require a period of facility monitoring after closure. The impoundment 

tailings disposal technology typically has a longer period of settlement, which can delay the 

implementation of post-mine land use, and a high rank was assigned, indicating that aesthetics and post-

mine land use is a key driver for consideration during selection of the impoundment disposal technology. 

A moderate rank was assigned to the remaining surface disposal technologies (i.e. co-disposal, co-

mingle, dry stack). A low rank was assigned to the submarine and backfill (i.e. open pit, underground) 

disposal technologies. Backfill within underground voids may be beneficial to reduce ground subsidence 

effects on post-mine land uses.  

6.1.3 Qualitative Risk Assessment – Economic Elements 

A summary of the qualitative risk assessment for economic elements is presented in Table 6.4. 

Economic elements utilized for the assessment include costs associated with processing, construction, 

temporary storage, and potential failure; investor confidence; ground conditions; and resource extents.  

The development of accurate and reliable cost estimates for each tailings disposal technology are 

critical, though discrepancies may occur between the estimated and actual costs (Hansen 2007). In 
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Table 6.4. Summary of the qualitative risk assessment for economic elements.  

Tailings Disposal 
Technology 

Risk Assessment – Economic Elements 

Processing Construction
Temporary 

Storage 
Potential 
Failure 

Investor 
Confidence 1 

Ground 
Conditions 2 

Resource 
Extents 3 

Impoundment 

Downstream 
Low 
(4) 

High 
(12) 

Low 
(4) 

High 
(12) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

Centerline 
Low 
(4) 

High 
(12) 

Low 
(4) 

High 
(12) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

Upstream 
Low 
(4) 

High 
(12) 

Low 
(4) 

High 
(12) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

Submarine Placement 
Low 
(4) 

Low 
(4) 

Low 
(4) 

Moderate 
(8) 

Variable 
Low 
(4) 

Low 
(4) 

Open Pit Backfill 
Low 
(4) 

Moderate 
(8) 

High 
(12) 

Low 
(4) 

Variable 
Low 
(4) 

Moderate 
(6) 

Tailings & 
Waste Rock 

Co-Disposal 
Moderate 

(8) 
High 
(12) 

Low 
(4) 

Moderate 
(8) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

Co-Mingle 
Moderate 

(8) 
High 
(12) 

Moderate 
(8) 

Moderate 
(8) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

Underground 
Backfill 

Thickened 
Moderate 

(8) 
Moderate 

(8) 
High 
(12) 

Low 
(4) 

Variable 
Low 
(4) 

Moderate 
(6) 

Paste 
Moderate 

(8) 
Moderate 

(8) 
High 
(12) 

Low 
(4) 

Variable 
Low 
(4) 

Moderate 
(6) 

Dry Stack 
High 
(12) 

High 
(12) 

Low 
(4) 

Moderate 
(8) 

Variable 
Moderate 

(6) 
Moderate 

(6) 

 

Notes: 1 Investor confidence varies globally and has site-specific dependencies that limit qualitative assessment.  
2  Ground conditions can be variable and may result in unexpected project cost additions.   

 3 Future mine expansions may be limited if tailings are disposed within the known resource extents.  
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general, tailings processing costs increase as the level of dewatering increases. Tailings dewatering 

requirements are greatest with the dry stack technology, and a high rank was assigned, indicating that 

processing cost is a key driver for consideration during selection of the dry stack disposal technology. A 

moderate rank was assigned to the co-disposal, co-mingle, and underground backfill disposal 

technologies, and a low rank was assigned to the impoundment, submarine, and open pit backfill disposal 

technologies.  

The overall cost associated with construction of surface tailings disposal technologies (i.e. 

impoundment, co-disposal, co-mingle, dry stack) is generally higher than the cost of submarine and 

backfill disposal technologies. A high rank was assigned to the surface tailings disposal technologies (i.e. 

impoundment, co-disposal, co-mingle, dry stack), indicating the cost of construction is a key driver for 

consideration during selection of a surface disposal technology. A moderate rank was assigned to the 

backfill technologies (i.e. open pit and underground), and a low rank was assigned to the submarine 

technology.  

Additional costs for temporary tailings storage prior to placement within a disposal facility are 

generally associated with underground tailing disposal technologies (i.e. open pit backfill, underground 

backfill). A high rank was assigned, indicating temporary storage cost is a key driver for consideration 

during the selection of a backfill technology. Tailings may be stockpiled prior to mixing with waste rock 

and placement in a co-mingle tailings disposal technology, and a moderate rank was assigned. A low 

rank was assigned to the impoundment, co-disposal, dry stack and submarine tailings disposal 

technologies.  

Cost associated with the potential failure of a disposal technology are generally greater for 

surface disposal facilities. A high rank was assigned to the impoundment disposal technology, where 

failure would result in a release of both tailings and processing fluids into the surrounding environment, 

indicating cost associated with potential failure is a key driver for consideration during the selection of the 

impoundment disposal technology. A moderate rank was assigned to the co-disposal, co-mingle, dry 

stack, and submarine placement disposal technologies, and a low rank was assigned to the backfill 
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technologies (i.e. open pit, underground), where the tailings are confined to the space available for 

backfill.  

Investor confidence varies by project, location, and investor. Investors and other shareholders 

must have metrics in place to ensure confidence maintains throughout a project, and confidence can be 

lost if favorable tailings disposal practices are not in place (Franks et al. 2011). A variable rank was 

assigned for all tailings disposal technologies, since investor confidence is site-specific and varies 

globally, indicating that investor confidence is a key driver for consideration during the selection of all 

tailings disposal technologies. 

Variable ground conditions can influence the availability of facility construction material or 

foundation material. A moderate rank was assigned to all surface tailings disposal technologies (i.e. 

impoundment, co-disposal, co-mingle, dry stack), and a low rank was assigned to the submarine and 

backfill (i.e. open pit, underground) tailings disposal technologies.  

 The resource extents must be delineated prior to selection of a disposal facility location to prevent 

potential limitations to future expansion or additional disturbance of disposed tailings material. A low rank 

was assigned to the submarine placement tailings disposal technology, since it is unlikely to influence 

future mining activities. A moderate rank was assigned to all other tailings disposal technologies.  

6.2 Qualitative Risk Assessment – Geotechnical and Geochemical Elements 

A qualitative risk assessment was performed to identify key geotechnical and geochemical drivers 

for consideration during the selection of a tailings disposal technology. Geotechnical and geochemical 

elements utilized for the assessment include percent solids, strength additives, acid generation and 

neutralization potential, consolidation and settlement, rate of construction relative to the rate of 

placement, and stability. A summary of the qualitative risk assessment for geotechnical and geochemical 

elements is presented in Table 6.5. 

The percent solids indicates the level of dewatering and density of the disposed tailings (Davies 

2011). Dewatered tailings with a higher percent solids tend to be more stable after placement. A high rank 

was assigned to the impoundment, submarine placement, and open pit backfill technologies, since each 



59 
 

Table 6.5. Summary of the qualitative risk assessment for geotechnical and geochemical elements.  

Tailings Disposal 
Technology 

Risk Assessment – Geotechnical and Geochemical Elements 

Percent 
Solids 1 

Strength 
Additives 2 

Acid 
Generation 

and 
Neutralization 

Potential 3 

Consolidation 
and 

Settlement 4 

Rate of 
Construction 

vs. Rate of 
Placement 5 

Stability 6 

Impoundment 

Downstream 
High 
(12) 

Low 
(1) 

Critical 
(16) 

High 
(12) 

Low 
(4) 

Moderate 
(6) 

Centerline 
High 
(12) 

Low 
(1) 

Critical 
(16) 

High 
(12) 

Moderate 
(8) 

Moderate 
(9) 

Upstream 
High 
(12) 

Low 
(1) 

Critical 
(16) 

High 
(12) 

High 
(12) 

High 
(12) 

Submarine Placement 
High 
(12) 

Low 
(1) 

Critical 
(16) 

Low 
(1) 

Low 
(1) 

Low 
(2) 

Open Pit Backfill 
High 
(12) 

Low 
(1) 

Critical 
(16) 

Moderate 
(6) 

Low 
(1) 

Low 
(3) 

Tailings & 
Waste Rock 

Co-Disposal 
Moderate 

(8) 
Low 
(1) 

Critical 
(16) 

Moderate 
(6) 

Low 
(4) 

Moderate 
(6) 

Co-Mingle 
Moderate 

(8) 
Low 
(1) 

Critical 
(16) 

Moderate 
(6) 

Low 
(2) 

Moderate 
(6) 

Underground 
Backfill 

Thickened 
Moderate 

(8) 
Low 
(1) 

Critical 
(16) 

Low 
(4) 

Low 
(1) 

Low 
(4) 

Paste 
Moderate 

(8) 
Moderate 

(8) 
Critical 

(16) 
Low 
(4) 

Low 
(1) 

Low 
(4) 

Dry Stack 
Low 
(4) 

Low 
(1) 

Critical 
(16) 

Low 
(2) 

Low 
(2) 

Moderate 
(6) 

 

  Notes: 1 The percent solids indicates the level of dewatering, increasing as fluids are removed from the tailings.  
  2  Strength additives may be added to meet design specifications for material performance, and applies to the past underground 

backfill technology only.   
  3 Acid generation and neutralization potential of the tailings will provide an indication of the potential for acid mine drainage.  
  4 Consolidation and settlement can occur as fluid is removed from the tailings, after placement within a disposal facility.  
  5 The rate of tailings placement may be influenced by the rate of construction of the disposal facility in order to maintain  
   foundation stability.  
  6 Stability includes geochemical and geotechnical (static and seismic) stability.
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facility accommodates placement of a conventional tailings slurry, indicating that the percent solids is a 

key driver for consideration during the selection of these disposal technologies. A moderate rank was 

assigned to the co-disposal, co-mingle, and underground backfill tailings disposal technologies, since 

each facility accommodates placement of thickened or paste tailings. A low rank was assigned to the dry 

stack tailings disposal technology, since the facility accommodates placement of filtered tailings. 

Strength additives may be mixed with the tailings prior disposal to meet design specifications for 

material performance. A moderate rank was assigned to the paste underground backfill tailings disposal 

technology, since paste backfill is utilized as structural support within underground voids. A low rank was 

assigned to all other tailings disposal technologies, since strength additives are not typically utilized.   

The acid generation and neutralization potential of the tailings will provide an indication of the 

potential for acid mine drainage (Dold and Fontbote 2002, Hesketh et al. 2010, Sima et al. 2011). A 

critical rank was assigned to all tailings disposal technologies, due to the high potential for oxidation and 

metal leaching, indicating that the acid generation and neutralization potential is a key driver for 

consideration during the selection of all tailings disposal technologies. 

Consolidation and settlement of the tailings is likely to occur as fluid is removed from the tailings 

(Ritchie et al. 2009). A high rank was assigned to the impoundment tailings disposal technology, since the 

conventional slurry has the greatest amount of fluid present and greater settlement of the tailings is 

anticipated, indicating consolidation and settlement is a key driver for consideration during the selection of 

the impoundment disposal technology. A moderate rank was assigned to the open pit backfill, co-

disposal, and co-mingle tailings disposal technologies, since settlement of the tailings can influence post-

mine land use options. A low rank was assigned to the underground backfill, dry stack, and submarine 

placement technologies, since the thickened, paste, and filtered tailings have the least amount of fluids 

present, and consolidation of the submarine placed tailings is unlikely to present a major settlement 

concern.  

The rate of construction relative to the rate of tailings placement must be maintained to minimize 

undesired increases in pore pressure (Davies 2002). A high rank was assigned to the upstream 

impoundment tailings disposal technology, since construction of a subsequent raise relies on the strength 



61 
 

of the tailings from the previous raise, indicating that the rate of construction relative to the rate of 

placement is a key driver for consideration during the selection of the upstream disposal technology. A 

moderate rank was assigned to the centerline impoundment tailings disposal technology, since 

construction of a subsequent raise partially relies on the strength of the tailings from the previous raise. A 

low rank was assigned the downstream impoundment and all other tailings disposal technologies.  

Stability of the tailings includes geochemical and geotechnical (static and seismic) stability, and 

must be maintained to minimize potential failure of the disposal facility, maintain anticipated design 

strength, and minimize acid mine drainage. A high rank was assigned to the upstream impoundment 

tailings disposal technology. Fluid present within the tailings and construction of the facility on 

unconsolidated, undrained tailings can have adverse effects on the stability, indicating that stability is a 

key driver for consideration during the selection of the upstream disposal technology. A moderate rank 

was assigned to all other surface tailings disposal technologies, and a low rank was assigned to the 

submarine and backfill (open pit, underground) tailings disposal technologies.  

6.3 Qualitative Risk Assessment – Site-Specific Elements 

A qualitative risk assessment was performed to identify key site-specific drivers for consideration 

during the selection of a tailings disposal technology. Site-specific elements utilized for the assessment 

include location, climate, geology, and water. A summary of the qualitative risk assessment for site-

specific elements is presented in Tables 6.6 and 6.7.  

6.3.1 Location 

The transport distance for tailings from the plant to the disposal facility can vary for each disposal 

technology. A low rank was assigned to the submarine placement tailings disposal technology, since a 

requirement for this method is proximity to a submarine environment. A moderate rank was assigned to 

all other tailings disposal technologies.  

Capacity of the disposal facility must account for the tailings and process fluids. A critical rank 

was assigned to the underground backfill tailings disposal technology, since the rate of excavation and 

the tailings available for backfill must be balanced, indicating that capacity is a key driver for consideration 

during the selection of the underground backfill disposal technology. If the quantity of tailings exceeds the 
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Table 6.6. Summary of the qualitative risk assessment for site-specific location and climate elements.  

Tailings Disposal 
Technology 

Risk Assessment – Site-Specific Elements 
Location Climate 

Transport 
Distance 1 

Capacity 2 
Temporary 
Storage 3 

Water 4 Temperature 5 Precipitation 6 Wind 7 

Impoundment 

Downstream 
Moderate 

(6) 
Moderate 

(6) 
Low 
(2) 

Low 
(3) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Centerline 
Moderate 

(6) 
Moderate 

(6) 
Low 
(2) 

Low 
(3) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Upstream 
Moderate 

(6) 
Moderate 

(6) 
Low 
(2) 

Low 
(3) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Submarine Placement 
Low 
(1) 

Low 
(2) 

Low 
(4) 

Critical  
(16) 

Low 
(1) 

Low 
(1) 

Low 
(1) 

Open Pit Backfill 
Moderate 

(6) 
Low 
(1) 

Critical  
(16) 

Low 
(2) 

Low 
(1) 

Moderate 
(6) 

Low 
(4) 

Tailings & 
Waste Rock 

Co-Disposal 
Moderate 

(6) 
Moderate 

(6) 
Low 
(2) 

Low 
(3 

Low 
(2) 

Moderate 
(6) 

Moderate 
(6) 

Co-Mingle 
Moderate 

(6) 
Moderate 

(6) 
Moderate 

(6) 
Low 
(3) 

Low 
(2) 

Moderate 
(6) 

Moderate 
(6) 

Underground 
Backfill 

Thickened 
Moderate 

(6) 
Critical  

(16) 
Critical  

(16) 
Low 
(2) 

Low 
(2) 

Low 
(1) 

Low 
(1) 

Paste 
Moderate 

(6) 
Critical  

(16) 
Critical  

(16) 
Low 
(2) 

Low 
(2) 

Low 
(1) 

Low 
(1) 

Dry Stack 
Moderate 

(6) 
Moderate 

(6) 
Low 
(2) 

Low 
(3) 

Low 
(2) 

High 
(12) 

High 
(12) 

 

Notes: 1 Transport distance refers to the distance the tailings will be transported between the process plant and the tailings disposal facility.  
2  Capacity of the disposal facility must account for the tailings and process fluids.   

 3 Temporary storage may be required prior to final disposal placement of the tailings.  
 4 Water refers to the physical location of the disposal facility to water.  
 5 Temperature extremes may influence the amount of water to be managed at the disposal facility. 
 6 Precipitation may influence the amount of water to be managed at the disposal facility. 
 7 Wind may transport tailings outside of the disposal facility footprint.  
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Table 6.7. Summary of the qualitative risk assessment for site-specific geology and water elements.  

Tailings Disposal 
Technology 

Risk Assessment – Site-Specific Elements 
Geology Water 

Construction 
Materials 1 

Structure 2 Diversions 3 
Groundwater 

Location 4 

Impoundment 

Downstream 
High 
(12) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Centerline 
High 
(12) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Upstream 
High 
(12) 

High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Submarine Placement 
Low 
(1) 

Low 
(1) 

Low 
(1) 

Low 
(1) 

Open Pit Backfill 
Low 
(2) 

Low 
(2) 

Low 
(2) 

Moderate 
(6) 

Tailings & 
Waste Rock 

Co-Disposal 
High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Moderate 
(6) 

Co-Mingle 
High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Moderate 
(6) 

Underground 
Backfill 

Thickened 
Low 
(2) 

Low 
(2) 

Low 
(2) 

Moderate 
(6) 

Paste 
Low 
(2) 

Low 
(2) 

Low 
(2) 

Moderate 
(6) 

Dry Stack 
High 
(12) 

Moderate 
(6) 

Moderate 
(6) 

Moderate 
(6) 

 

    Notes: 1 The availability of disposal facility and foundation construction materials is dependent on the 
       local geology.  
     2  Geologic structures (e.g. faults, material boundaries) may influence the stability of a disposal 
      facility.   
     3 Diversions may be constructed to minimize surface water contact with the tailings.   
     4 Seepage from the tailings may enter and alter the groundwater system.  
   
 
  



64 
 

volume available for placement, an additional disposal facility would be required. A moderate rank was 

assigned to all surface disposal technologies (i.e. impoundment, co-disposal, co-mingle, and dry stack), 

since they will be constructed to contain a specified disposal quantity. A low rank was assigned to the 

submarine and open pit backfill tailings placement technologies, since the capacity available exceeds the 

quantity of tailings for disposal.     

 Temporary storage may be required to meet pit or underground excavation and tailings 

placement schedules. A critical rank was assigned to the open pit and underground backfill tailings 

disposal technologies, since excavation must be complete prior to tailings backfill placement, indicating 

that temporary storage is a key driver for consideration during the selection of the backfill disposal 

technologies. A moderate rank was assigned to the co-mingle disposal technology, since temporary 

stockpile placement may be required prior to mixing with the waste rock. A low rank was assigned to all 

other tailings disposal technologies, since the tailings can be immediately placed.  

The physical location of the disposal facility to water is important to minimize the transport 

distance for the tailings. A critical rank was assigned to the submarine placement tailings disposal 

technology, since the processing plant must be located near the submarine environment, indicating that 

water is a key driver for consideration during the selection of the submarine disposal technology. A low 

rank was assigned to all other tailings disposal technologies. 

6.3.2 Climate 

 Temperature extremes can influence water management for a tailings disposal facility (Dold and 

Fintbote 2001). A high rank was assigned to the impoundment tailings disposal technology. Water levels 

managed at the disposal facility can be affected by temperature extremes, indicating that temperature is a 

key driver for consideration during the selection of the impoundment disposal technology. A low rank was 

assigned to all other tailings disposal technologies, since water is not managed directly at these facilities.  

 Precipitation extremes can also influence water management. A high rank was assigned to the 

dry stack tailings disposal technology, since the potential for water to be added works against the 

dewatering of the tailings, indicating precipitation is a key driver for consideration of the dry stack disposal 

technology. A low rank was assigned to the submarine placement and underground backfill tailings 
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disposal technologies, since disposal under water and underground is not likely to be influenced by 

precipitation. A moderate rank was assigned to all other tailings disposal technologies, since precipitation 

can influence the amount of water available to be managed.  

 Wind can transport tailings outside of the disposal facility footprint. A high rank was assigned to 

the dry stack tailings disposal technology, since the dewatered tailings are susceptible to wind transport, 

indicating that wind is a key driver for consideration of the dry stack disposal technology. A low rank was 

assigned to the submarine and backfill (open pit, underground) disposal technologies, since disposal 

below the natural ground topography is not susceptible to wind transport. A moderate rank was assigned 

to all other tailings disposal technologies.  

6.3.3 Geology 

 The local geology may affect the availability of materials for construction of the tailings disposal 

facility and underlying foundation (Kossoff et al. 2014). A high rank was assigned to all surface tailings 

disposal technologies (i.e. impoundment, co-disposal, co-mingle, dry stack), indicating that geology is a 

key driver for consideration of the dry stack disposal technology. A low rank was assigned all other 

disposal technologies, since construction of a disposal facility is not required.  

 Geologic structures located near or below the disposal facility may influence the stability of the 

facility. A high rank was assigned to the impoundment tailings disposal technology, indicating that 

structure is a key driver for consideration of the impoundment disposal technology. A moderate rank was 

assigned to the remaining surface disposal technologies (i.e. dry stack, co-disposal, co-mingle), and a low 

rank was assigned to the submarine placement and backfill (i.e. open pit, underground) technologies.  

6.3.4 Water 

 Surface water diversions are typically constructed to minimize the potential for water coming into 

contact with the tailings. A moderate rank was assigned to all surface tailings disposal technologies (i.e. 

impoundment, co-disposal, co-mingle, dry stack), and a low rank was assigned to the submarine 

placement and backfill (i.e. open pit, underground) tailings disposal technologies.  
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 The location of groundwater can influence the disposal facility’s foundation and potential for 

seepage through the tailings. A low rank was assigned to the submarine placement tailings disposal 

technology, since the tailings are submerged, and a moderate rank was assigned to all other tailings 

disposal technologies.  

6.4 Summary of Results 

Elements were identified as critical, high, moderate, and low ranked drivers for the selection of 

each tailings disposal technology. Critical and high ranked elements were identified as key drivers for 

consideration during the selection of each tailings disposal technology. A summary of each technology is 

included in the following sections.     

6.4.1 Key Drivers  

A summary of high and critical ranked elements, key drivers for consideration during the selection 

of each tailings disposal technology, is presented in Table 6.8. Surface disposal technologies were 

grouped together to identify common drivers and include the impoundment, tailings and waste rock, and 

dry stack technologies. Other disposal technologies were also grouped together and include submarine 

placement, open pit backfill, and underground backfill. The acid generation and neutralization potential, 

political and regulatory climate, and investor confidence are key drivers for consideration during the 

selection of all tailings disposal technologies. 

Land disturbance, acid generation and neutralization potential, construction cost, and availability 

of construction material are key drivers for consideration during selection of all surficial tailings disposal 

technologies. Dust, processing cost, precipitation, and wind key drivers for consideration unique to the 

selection of the dry stack disposal technology. There are a number of social, economic, geotechnical, and 

site-specific key drivers unique to the selection of the impoundment disposal technology including 

imposed costs on the local community, aesthetics and post-mine land use, cost associated with potential 

facility failure, percent solids of the tailings, consolidation and settlement, temperature, and geologic 

structure. The rate of facility construction and the rate of tailings placement, and stability are key drivers 

for consideration unique to the upstream impoundment tailings disposal technology.   
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Table 6.8. Summary of key drivers for consideration during the selection of each tailings disposal technology. 
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Land and water disturbance, and location to water are key drivers for consideration unique to the 

submarine placement tailings disposal technology. Facility capacity is a key driver for consideration 

unique to the underground backfill disposal technology. Temporary tailings storage is a key driver for 

consideration unique to the backfill (i.e. open pit, underground) technology. 

6.4.2 Moderate Ranked Drivers 

A summary of moderate ranked drivers for consideration during the selection of each tailings 

disposal technology is presented in Table 6.9. Key drivers are shown in grey, while moderate ranked 

drivers are highlighted yellow for each tailings disposal technology. Resource extents, transport distance, 

and groundwater location are moderate ranked drivers for consideration during the selection of all 

disposal technologies with the exception of the submarine placement technology. Surface disposal 

technologies were grouped together to identify common drivers. Noise and CO2 pollution, public health 

and safety, ground conditions, and diversions are moderate drivers for consideration during selection of 

surface tailings disposal technologies.  

6.4.3 Low Ranked Drivers 

A summary of low ranked drivers for consideration during the selection of each tailings disposal 

technology are presented in Table 6.10. Key and moderate ranked drivers are shown in grey, while low 

ranked drivers are highlighted green for each tailings disposal technology. Surface disposal technologies 

were grouped together to identify common drivers. In general, surface disposal technologies have higher 

ranked environmental, social, economic, geotechnical, geochemical, and site-specific elements to 

consider during the selection of disposal technologies.   
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Table 6.9. Summary of moderate ranked drivers for consideration during the selection of each tailings disposal technology. 
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Table 6.10. Summary of low ranked drivers for consideration during the selection of each tailings disposal technology. 
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6.4.4 Impoundment Disposal Technology Drivers 

Drivers for consideration during the selection of downstream, centerline, and upstream 

impoundment tailings disposal technologies are depicted in Figures 6.1, 6.2, and 6.3, respectively. 

Drivers were assigned an equivalent unit rating and grouped by key, moderate, and low ranks. 

Environmental, social, economic, geotechnical, geochemical, and site-specific key drivers for 

consideration include land disturbance, imposed cost, political and regulatory climate, aesthetics and 

post-mine land use, cost associated with construction and potential failure, percent solids, acid generation 

and neutralization potential, consolidation and settlement, temperature, local construction material source 

availability, and local geologic structures.  

The rate of construction relative to the rate of tailings placement, and overall stability of the facility 

varies for the impoundment disposal technology. For the rate of construction relative to the rate of tailings 

placement, a low rank is assigned to the downstream construction method, a moderate rank assigned to 

the centerline construction method, and a high rank assigned to the upstream construction method. For 

the overall stability of the facility, a moderate rank is assigned to the downstream and centerline 

construction methods, and a high rank is assigned to the upstream construction method. The downstream 

construction method with progressive raises overlying the starter dam or previous raise, will generally 

result in a more stable configuration. The upstream construction method has progressive raises 

constructed overlying both tailings and the starter dam or previous raise. Stability is influenced by the 

underlying, likely unconsolidated tailings, and the rate of tailings placement relative to construction of the 

subsequent raise. 

6.4.5 Tailings and Waste Rock Disposal Technology Drivers 

Drivers for consideration during the selection of co-disposal and co-mingle tailings and waste rock 

disposal technologies are depicted in Figures 6.4 and 6.5, respectively. Drivers were assigned an 

equivalent unit rating and grouped into high, moderate, and low ranks. Environmental, social, economic, 

geochemical, and site-specific key drivers for consideration include land disturbance, political and 

regulatory climate, cost associated with construction, investor confidence, acid generation and 

neutralization potential, and local construction material source availability.   
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Figure 6.1. Drivers for consideration during selection of the impoundment tailings disposal technology, downstream construction method.  
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Figure 6.2. Drivers for consideration during selection of the impoundment tailings disposal technology, centerline construction method.  
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Figure 6.3. Drivers for consideration during selection of the impoundment tailings disposal technology, upstream construction method. 
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Figure 6.4. Drivers for consideration during selection of the tailings and waste rock co-disposal technology.  
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Figure 6.5. Drivers for consideration during selection of the tailings and waste rock co-mingle disposal technology.   
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The cost associated with and availability of space for temporary storage varies for the waste rock 

and tailings disposal technology, with a low rating assigned to the co-disposal technology and a moderate 

rating assigned to the co-mingle disposal technology.   

6.4.6 Dry Stack Disposal Technology Drivers 

Drivers for consideration during the selection of the dry stack tailings disposal technology are 

depicted in Figure 6.6. Drivers were assigned an equivalent unit rating and grouped into high, moderate, 

and low ranks. Environmental, social, economic, geochemical, and site-specific drivers for consideration 

include land disturbance, area contamination from dust, political and regulatory climate, cost associated 

with processing and construction, investor confidence, acid generation and neutralization potential, 

precipitation, wind, and local construction material source availability.  

6.4.7 Submarine Disposal Technology Drivers 

Drivers for consideration during the selection of the submarine placement tailings disposal 

technology are depicted in Figure 6.7. Drivers were assigned an equivalent unit rating and grouped into 

high, moderate, and low ranks. Environmental, social, economic, geotechnical and geochemical, and site-

specific drivers for consideration include land disturbance, water disturbance, political and regulatory 

climate, percent solids, acid generation and neutralization potential, and distance to water.  

6.4.8 Open Pit Backfill Disposal Technology Drivers 

Drivers for consideration during the selection of the open pit backfill tailings disposal technology 

are depicted in Figure 6.8. Drivers were assigned an equivalent unit rating and grouped into high, 

moderate, and low ranks. Social, economic, geotechnical, geochemical, and site-specific drivers for 

consideration include political and regulatory climate, cost associated with and space available for 

temporary storage, investor confidence, percent solids, and acid generation and neutralization potential.  
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Figure 6.6. Drivers for consideration during selection of the dry stack tailings disposal technology.   
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Figure 6.7. Drivers for consideration during selection of the submarine placement tailings disposal technology.   
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Figure 6.8. Drivers for consideration during selection of the open pit backfill tailings disposal technology. 
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6.4.9 Underground Backfill Disposal Technology Drivers 

Drivers for consideration during the selection of thickened and paste underground backfill tailings 

disposal technologies are depicted in Figures 6.9 and 6.10, respectively. Drivers were assigned an 

equivalent unit rating and grouped into high, moderate, and low ranks. Social, economic, geochemical, 

and site-specific key drivers for consideration include political and regulatory climate, availability and cost 

associated with temporary storage, investor confidence, percent solids of the tailings, acid generation and 

neutralization potential of the tailings, and capacity.   
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Figure 6.9. Drivers for consideration during selection of the thickened underground backfill tailings disposal technology.   
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Figure 6.10. Drivers for consideration during selection of the paste underground backfill tailings disposal technology.  
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CHAPTER 7 

 
CONCLUSIONS 

 

7.1 Summary of Work 

Regulations that apply to mining practices located within the United States, and International 

guidance specific to tailings practices were identified, and their application to tailings disposal was 

described. Environmental, social, and economic influences resulting from tailings disposal were outlined 

and general goals for tailings disposal were listed. An overview of copper deposit geology, ore processing 

methods, and resulting processed tailings properties was provided. Six tailings disposal technologies 

were considered: impoundment, submarine placement, open pit backfill, tailings and waste rock 

combined placement, underground backfill, and dry stack placement. Geotechnical and geochemical 

properties of the tailings, and site-specific criteria were utilized to develop a list of considerations for 

tailings disposal technology selection.  

A qualitative assessment was performed for environmental, social, and economic influence 

criteria; geotechnical, geochemical, and site-specific design consideration criteria; and the cost or each 

tailings disposal technology. Results of the assessment indicate the impoundment tailings disposal 

technology has the highest perceived risks and costs; tailings and waste rock combined, and dry stack 

technologies have moderate perceived risks and moderate to high costs; and submarine, open pit, and 

underground backfill have the lowest perceived risks and low to moderate costs. Recommendations for 

future research concludes this thesis. 

7.2 Recommendations for Future Research 

Ongoing research should be performed to continuously identify efficient ore extraction, mineral 

processing, and tailings disposal practices and technologies. The following recommendations for future 

research have been identified: 
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 Verify the accuracy of the qualitative assessment performed through a quantitative analysis 

of geotechnical, geochemical, and site-specific influences on the selection of a tailings 

disposal technology, utilizing data obtained from multiple sources. Compare conclusions of 

the quantitative analysis with those of this qualitative assessment. Select sources with 

different processing methods to assess additional influences.  

 Verify the accuracy of the qualitative assessment performed through a quantitative analysis 

of cost, utilizing data obtained from multiple sources. Include cost data for the design, 

operation, closure, reclamation, and post-monitoring practices for tailings disposal. Select 

sources from multiple facilities to assess cost variability.  

 Review existing closure strategies and develop site-specific closure criteria for each tailings 

disposal technology.    

 Perform a detailed assessment for the use of tailings in structural applications, including 

underground backfill and foundation construction. Identify potential strength additives and 

develop a laboratory strength testing program. Outline ideal tailings properties for structural 

application and review processing capabilities to meet the proposed design specifications.  

 Perform a detailed assessment of the tailings and waste rock combined disposal technology, 

including the mechanics and feasibility of mixing and placement. Propose a laboratory-scale 

mixing program to observe characteristics of varying amounts of waste rock and tailings. 

Estimate the effort associated with a full-scale mixing program.  
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