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Overview of Acid and 
metalliferous drainage (AMD) or 

Acid rock drainage (ARD) 

Short Course on Understanding AMD/ARD and the Implications for 
Rehabilitation and Closure – June 19, 2019

Gilles Tremblay, Technical Manager
International Network for Acid Prevention, INAP
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Summary

• Challenges and Problem 
Definition

• AMD / ARD 
History

Canadian Approach 

Leading Practices for Closure
 Case Studies on Dry and Wet 

Covers 
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Terminology – AMD/ARD

• Acid and Metalliferous Drainage (AMD) or 
Acid Rock Drainage (ARD) – AMD/ARD
Metal Leaching / Acid Rock Drainage (ML/ARD)

Acid and Metalliferous Drainage (AMD) 

Acid Mine Drainage (AMD)

Acid Rock Drainage (ARD)

Acidic Drainage (AD)
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Mining Industry Mandate

• Meet the current and future mineral needs, 
and create jobs and value without adversely 
impacting future generation’s opportunities

• Maintain “social license to mine”

• Prevent, minimize, and mitigate potential 
environmental risks
• Water quantity and quality (AMD/ARD) frequently 

represent greatest challenge

• AMD/ARD impacts can be very long lasting and  
remediation very costly (> US: $100 billion)
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Mining Industry as we 
know it
• The challenge at the Highest Level

Closure – Relinquishment

• Several major issues increasingly facing 
the industry
 Inflated mining costs  

 Harder to reach resources

 Increased energy costs

 Multiple demands for water

 Volatile mineral prices

 Stricter environmental requirements

 Responding to the impacts of climate change

 Community and social 

CMJ’s Top 10 stories of 
2018 
“Why mine closure matters and why it 
gets ignored” was No 4  
• CMJ reported that to clear a room of mine personnel, 

there are few better ways than to raise the topic of 
mine closure (Progressive Mine Forum Oct 2018). 

• After a day of roundtables discussing CSR, Big Data 
in exploration, and innovation in mine development, 
operations and finance, they reported that about half 
the audience got up and left when it came time for 
the final topic of the day – mine closure.

• One observer commented that this is what the public 
is most interested in, mining companies should also 
be interested – if only out of self-preservation. 
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Environmental Issues for Mining

• Many negative visual images

• Waste management 

• Abandoned mine sites

• Ground and surface water 
contamination from seepage 
from waste piles and tailings

• Air quality issues e.g. dust

• Soil contamination

• AMD/ARD

Images of Mining

• Historic practices have been 
poor 

• Widely perceived as 
environmental “spoilers”

• Once land has been accessed, 
the industry has trouble         
managing it
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Mine Waste

Historically - until 50 years ago

High man power

Low volumes

Low toxicity

- Coal, Fe, Cu, Au

Effluent contamination not understood

- Acidic Drainage 

Little regulation or public review

Evolution of Tailings Disposal 
Technology

Out the door…

… surface depression…

… lake disposal…

water covers…

…subaerial…

… pervious surround…

… paste pit disposal …

… dry stack …

… walkaway. 
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Abandoned Mine Sites

• Environmental issues include:
Underground workings

Open pit mine faces and pit workings

Waste rock piles

Tailings deposits (collapse of structures)

Ore stockpiles and spent ore piles from heap 
leach

• Most serious issue is                      
AMD/ARD

Sustainable Development “Lens”

• Clean and available water is a 
basic need of all generations
• AMD/ARD can affect water 

quality for decades
• Responsible care and 

optimizing the present value of 
water are fundamental to 
sustainable development

12
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Why do we need to worry 
about water?

• Water is key to operational excellence. 
• There is a financial risk associated with water issues –

whether that is manifest in deterioration in quantity or 
quality 

• Effective water management will likely result in 
productivity gains and a reduction in risk

• Given the cost of water management as part of mine 
closure, the treatment and management of water early 
in mine life can result in significant reductions on long 
term costs and associated liability

• Ineffective water management can result in conflict 
with stakeholders. 

The Value of Water - Quantity

“When the well is dry, we 
know the worth of water.“

Benjamin Franklin,

Poor Richard's Almanac (1746)
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The Value of Water - Quality

“[W]hen the ores are washed, the water which has been used poisons the brooks 
and streams, and either destroys the fish or drives them away.  Therefore the 
inhabitants of these regions … find great difficulty in procuring the necessities of 
life.”

Georgius Agricola, De Re Metallica (1556) 

Water Management Innovation

eMalahleni Water Reclamation Plant in South Africa
• Multi-user wastewater plant with total recycle, ruse of water, 

solids. 
• The desalination plant treats acidic, saline mine waters to South 

African National Standard (SANS) potable water.
• Treats 25 ML/day from various collieries. Scaling to 50 ML/day.
• Sold mostly to community and used to ensure the continuous 

operation of the local mining sites
• Due to limited water resources, the Emalalheni Water Reclamation 

Plant has effectively managed water levels to ensure mining 
continued unaffected by water levels. 

• Plays an important role in meeting the area’s increasing water 
demand and environmental challenges.

(AngloAmerican)
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Key Risks around Mine  
Closure

In terms of residual risks, Acid and 
Metalliferous Drainage (AMD) or Acid Rock 
Drainage (ARD) is a major component of 
physical closure. 

• Financial discounting issue

• Impact on water

• WRD’s vs tailings 

• In perpetuity treatment potential

• Potential to better manage
 Source control

 Covers
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History and Status of AMD/ARD 
Research and Management

• 1950s - improved understanding of 
AMD/ARD, including the role of microbes

• 1960s - development of early prediction 
techniques in the coal fields of USA and 
vegetation trials in Canada

• 1970s - development of AMD/ARD 
prevention methods - segregation and 
selective handling of wastes and AMD/ARD 
water-treatment methods

• 1980s - start of AMD/ARD research 
programs, development of water covers and 
improved national and global information 
exchange

18

MEND
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History and Status of AMD/ ARD 
Research and Management (cont.)

• 1990s – development of a 
comprehensive approach to 
AMD?ARD management and 
development of soil covers 

• 2000s - incorporation of 
sustainability principles and ARD 
management into mine plans, and 
improved assessment of ARD 
management costs

19
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Changes with Time -
Environmental Management

• 1800’s to 1950’s - little thought or training in 
environmental practices

• Since the 1960’s, growing awareness of the 
industry, public, regulatory agencies on the 
consequences and costs of long-term 
environmental liabilities and costs

• Dirk’s simplified future view:
A mine is a waste management project, whatever 

revenue remains after paying for waste 
management is profit
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AMD/ARD 

• Originates from:
• Sulphidic minerals
• Exposure to oxygen and water
• Inadequate acid neutralizing capacity

• Exacerbated by:
• Naturally occurring bacteria
• Rainfall, snow melt

• Physical factors 
• Geochemical and weathering processes
• Climate and physical environment

AMD/ARD

Can Generate:
 Low pH

 Increased concentrations 

of dissolved metals

 Elevated levels of 

dissolved salts

Can Affect:
 Ground and surface waters
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AMD/ARD

A little history … 
More than 30 years ago, widely believed that 

 consultants had the answers 

 if no acid now, never will be

 acid generation temporary, short term

 reclamation, re-vegetation were solutions

Experience tells a different story...

23

Waite Amulet, Noranda
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Waite Amulet

Where metal leaching/acidic drainage 
is a concern, mining is usually not a 

temporary use of the land
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Vegetation Cover - Successes / 
Challenges 

• Successful site remediation 
• Surface stabilization, and wind 

and water related erosion control 
• Greatly improved site aesthetics
• AMD/ARD continues unabated
• Limited growth period and 

availability of native seed species 
in certain areas

• Ongoing effluent collection and 
treatment required on a long-term 
basis (perpetuity)

• Sludge collection, disposal and 
management required

Acidic Drainage in Canada

• Enormous liability was associated with 
AMD/ARD 

• New technologies had to be developed to 
deal with the problem

• A concerted effort was needed!!

32
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Consortia in Canada

• Co-operative initiative among industry, 
various levels of governments, non-
governmental organizations and Aboriginal 
Canadians

• Address issues of national importance
• Ensure that government policy is based on 

sound science
• Benefits come from:

− Open sharing of experiences and               
evaluation of technologies

− Collaborative effort results in a better 
perspective of the issues

− Avoids duplication of effort

MEND Program

• 1989 – 2019

• Extensive national and 
international Network

• ~$21M 

• Current research budget ~ 
$125K/a

• Focused research work plan

• Technology transfer

…to provide leadership and 
guidance on priority acidic 
drainage issues in Canada

34
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MEND Supported Technologies

• Prediction techniques

• Water covers for unoxidized and 
partially oxidized wastes

• Dry covers using soils/tailings, 
organic materials and 
geomembranes

• Mine waste management 
options for tailings, waste rock 
and treatment sludges

• Active and passive treatment

• Cold climate issues                                 
(permafrost)

Rabbit Lake, CAMECO

Rabbit Lake, 
CAMECO

East Kemptville

Rabbit Lake, CAMECO

MEND Highlights

• Toolbox of methods to reduce 
environmental impacts of 
mining
- Prevention best strategy

• Reduction in liability between 
$400M and $1 billion, an 
impressive  return on an  
initial investment of $17.5M
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MEND Broad Research Themes

• Mine waste management 
practices

• Emerging challenges

• Prediction and post-closure 
management 

• Case studies at Canadian 
mine sites

• Guidance documents

• Information transfer
Rabbit Lake, CAMECO

Rabbit Lake, 
CAMECO

Faro

Equity Silver
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Waste Management Strategy

• Operating phase: waste disposal and management
• Decommissioning and closure: site reclamation and 

long-term management
• Design for closure/relinquishment 

- Physical and chemical stability
- Aesthetics
- Post closure land use
- Site management, access control and bonding

• Site specific conditions: topography, hydrology, 
climatic conditions (e.g. cold temperature and 
permafrost conditions)

38
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Options and Cost with Time

Important 
Concept: 
Prevention is 
primarily 
accomplished   
in the 
assessment   
and design 
phases 

Typical 
legacy 
closure

Best Practice Methods - Closure

• Avoidance

• Re-mining

• Special handling methods

• Additions and Amendment

• Water Management

• Covers (wet and soil covers)

• Collection and Treatment   
(in-situ, passive and active)

Cover systems:

One of Numerous 
Remediation 
Technologies

No Universal Solution
• Site Specific
• Will typically require a

Combination of 
Technologies

40
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Best Practice Methods

• Dry cover methods
• Soil covers

• Alkaline covers

• Organic covers

• Covers of sulphide bearing but net 
neutralizing materials

• Synthetic covers

• Gas barriers

• Vegetation

• Landform design

• Performance monitoring

What is a Cover System?

Purpose:
Short Term:

• Minimize further degradation of the 

receiving environment

Long Term:
• Facilitate recovery of the receiving 

environment 

• Medium for establishing sustainable 

vegetation

• Redevelop landscape to equivalent 

capability

Surface & 
Groundwater

42
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Cover System Alternatives

Simple
• Two Layers (~2.3m)
• Thick Growth Medium

Complex
• Nine Layers (~2.3m)
• Thinner Growth Medium 

Design Factors

• Factors that control the economic and technical feasibility 
of a cover system for a particular site include, but are 
certainly not limited to:
 Site climate conditions

 Availability of cover material(s) and distance to borrow source(s)

 Cover and waste material
properties and conditions

 Surface topography

 Soil and waste material
evolution

 Vegetation conditions

 Geomorphological
considerations
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ENGINEERED 
DRY COVER 

Equity Silver Mine, BC

45
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Province of British Columbia

• Legislation for Financial Assurance introduced in 1969. 
First of its kind in Canada (maximum of $500 per acre)

• Limit raised to $1000 per acre in 1975 - actual cost 
possible

• Limit removed in 1989. Policy decision to reduce risk to 
government
• Reclamation requirements site specific

• Equity Silver Mines:

• Security reviewed every five years since 1991, and is 
adjusted. At one time amount reduced from $47 
million to $32 million with the application of a cover 
over the waste rock piles.  Then increased to $56 
million; then $62.5 million and in 2015 $82.5 million 
because of lime and other unanticipated costs. 

47

Security Bond Review at Equity 
Silver

48

Meints, C., Equity Silver - 25 Years of Closure. 2019 BC MEND 
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WHISTLE PIT

• Canadian Shield – numerous 
bedrock outcrops and lakes

• Open pit mining (nickel) between 
1988-91 and 1994-98

• 6.4 Mt of waste rock on surface –
avg. S of 3% 

• Several acidic seeps developed

• Semi-humid climate – annual precip. 
of 900 mm (30% as snow) and 
potential evaporation of 520 mm

Whistle Mine … 2006

50
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Pit Overflow Water Quality
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1997

Engineered Dry Covers –
Geomembranes  

Before 
Rehabilitation

After 
Rehabilitation
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Results 

• Reclamation and closure design has resulted in 
substantial loading reductions to local watershed

• As a low permeability cover, the HDPE 
geomembrane with protective soil layer was cheaper 
than compacted clay requiring a much thicker frost-
protection layer.

• HDPE is better suited than compacted clay to 
maintain integrity when subjected to highly differential 
settlement

• Monitoring continues to confirm the performance of 
the cover design

• Total cost: $22 million

55

Les Terrains Auriferes (Goldfields) 

Using tailings as fine layer in 
cover
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Les Terrains Aurifères (LTA)  

• LTA site is located approximately 8.5 km southeast of the 
City of of Malartic, Northern Québec

• Approximately 8 Mt of acid generating tailings placed over 
~ 10 Mt of alkaline tailings covering an area of ~ 140 ha

• Alkaline tailings deposited from Malartic Goldfield Mine 
from 1930 to 1965, and acid generating tailings from 
another site from 1977 to 1994

• Engineered dry cover using sand-gravel as drainage and 
Quebec abandoned mine site alkaline tailings as oxygen 
barrier layers

• The designed cover has reduced tailings oxidation rate by
~ 95% and the oxygen barrier layer moisture saturation is 
maintained at ~ 85 %

57

Community Expectations at 
Closure 

The Community will decide at closure what they would 
like for the site during the planning stage of the plan. 
Closure plans are a social licence that will be granted by the 
closure affected community.

Failure to anticipate their needs is wrong. Expectations change 
and ongoing communications is essential. 

www.inap.com.au 58
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Victoria Junction Coal Preparation Plant (ECBC)

Deinking Sludges –
Growth substrate

Albert Mine, QC
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Long Term Performance

INITIAL PERFORMANCE

LONG-TERM PERFORMANCE

Chemical ProcessesPhysical Processes

- Erosion

- Consolidation
- Settlement

- Wet/Dry Cycles
- Freeze/Thaw Cycles
- Extreme Local Climate Events
- Brushfires

- Bioturbation
- Root Penetration
- Burrowing Animals
- Human Intervention
- Bacterial Clogging

- Dissolution
- Osmotic Consolidation
- Mineralogical Consolidation
- Sorption
- Precipitation
- Dispersion/Erosion
- Acidic Hydrolysis

Biological Processes

Saturated Permeability
Moisture Retention
Physical Stability

Growth Medium
Construction
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Dry Covers - Summary

• Small footprint and low to medium overall risk of 
catastrophic failure (depending on dam heights and water 
table elevation) 

• Cover selection, design and placement dependent on site 
specific conditions

• Inclusion of local landforms conditions in overall cover 
design

• Local availability of cover materials is prerequisite
• Most engineered dry cover sites are still at the medium-

time frame stages (~20 years) and some integrated, long-
term performance records are now available

• Longevity of membranes and cover materials – root 
penetration and burrow animals

• Effects of vegetation on cover performance
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Water Covers

Tailings Management Area
Elliot Lake, Ontario

Equity Silver

Man-made 
Impoundments –
Water covers

Panel

Heath Steele

Samatosum

Louvicourt
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• Water covers - oxygen limiting

• Diffusion barrier to both oxygen in 
the water cover and contaminants 
in the submerged waste 

• Development of Diffusion Barriers 
Layers (DBL) at the water-waste 
and water-air interfaces

• Stagnant and well mixed water 
cover conditions

• Interaction of oxygenated water 
cover and submerged waste at the 
water – waste interface 

Water Covers
 

Air (O2 Source) 

DBL (Air-Water) Interface 

Water Cover 

DBL (Water-Waste Interface) 

Reactive Waste 
O2 Sink 

66

Water Covers - An Interactive, 
Complex System
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Shallow Water 
Cover

•1994 – 2004

•28% pyrite (average)

•45% of tailings deposited in 
man-made tailings 
impoundment

•4.7Mm3 capacity in              
pond

•Design for 1m cover

Louvicourt - Results

• Shallow water covers are effective

• Oxygen penetration typically less than 1cm

• Overall effect of periphyton biofilm positive

Assessed the physical and chemical conditions 
required for the formation of biofilm on submerged 
tailings through partnerships with the mining industry
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Quirke Tailings

Denison Mines
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Denison Mines 

71

72
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Performance of Water Covers

Comparison based on 
yearly equivalent 
limestone addition per 
unit area for water 
cover and vegetated 
sites

Acid generation rate at 
Denison TMA has 
reduced to less than 
0.03% and 0.15% of 
pre-water cover 
operating and during 
site rehabilitation

Denison TMA-1& 2
Yearly Total Limestone Consumption (1990-2002) 

Per Unit Area
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Elevated Water Table / Saturated Cover 
Concept

• Placement of sand/till or other non-
reactive tailings surface cover, ~ 0.3 
– 0.5 m in thickness

• Raising of water table to or above 
the tailings/waste surface

• Same advantage as a free surface 
water cover

• Increased impoundment dams 
stability, no free water surface 
required

• Ice erosion and scouring minimized
• Surface stability through native 

vegetation; may be impacted by 
differential snow depth and freezing

Reactive Waste

Sand/Till Cover

Water Table
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Manitou Mine Site

Spill zone : 6 km long - 50 to 300 m wide

Manitou Creek

Manitou Creek

Tailings Ponds : 42 ha, Acid Mine Drainage
Total disturbed area : 200 ha

1942-1981 : Cu, Zn, Au
Bankruptcy 2002

Manitou-Goldex Project
Total cost 48 M$

Km 23

Km 19

Km 2

Km 12

Km 7
Km 4

Goldex

• Pipeline : 23 km

• Tailings : 7 000 t/day = 1.8 Mm3/year

• Pulp : 45 % solid

• Duration : 10 years

76
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Impervious dam

Intermediate dam

Manitou Mine Site

Sept 2008

Goldex-
Manitou
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• Government estimated savings : 12 M$

• No delays to bring Goldex mine into full 
production

• Reduction of the natural resources required to 
rehabilitate the site

• Avoid construction of large tailings site for Goldex
Mine

• No additional cost to Agnico-Eagle Mine

• No additional environmental responsibilities for 
Agnico-Eagle Mine

Advantages 
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Mine Water Treatment Technologies

• Chemical Treatment Technologies
- Acidic Effluents

- Neutral Effluents

- As, Se and Mo Removal

• Membrane Filtration Technologies

• Passive Treatment Technologies
- Wetlands

- Limestone Neutralization Channels

- Permeable Reactive Barriers 
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Summary - Treatment

• Chemical Treatment
- Proven technology - long-term issues of sludge 

management, treatment costs and logistics

• Passive Treatment
- Constructed wetlands suitable during warm 

temperature periods
- Increased size at low temperatures and failure at 

freeze-up
- Natural attenuation suitable at some northern 

locations; limited capacity
- An integrated waste management and treatment 

strategy incorporating prevention, control and 
treatment technologies

General Conclusion

Whereas in the past 
successful mining was 
strictly a technical and 
financial pursuit, it now 
requires additional “soft 
skills” such as 
communication, conflict 
resolution, and an 
awareness of the 
changing social context.
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Conclusions

• AMD/ARD is a multi-billion dollar challenge for the 
entire mining industry for all sectors/at all stages

• The basic causes and chemistry are understood but 
each site is unique

• Proactive management can reduce the risks

• Planning from early design is critical. Source controls 
are the key to managing long term costs

• Social demands for avoiding water impacts from 
mining are growing stronger and are justified

• Social and operating license will depend on 
demonstrating ability to recognize and manage 
AMD/ARD
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Conclusions

• ARD management is critical & requires an ongoing 
plan throughout the mine life 

• ARD management relies on mine operations & the 
engagement of all stakeholders including the 
environmental community

• INAP is a voluntary initiative by mining companies 
that has grown into a global network

• INAP’s success is shown  by the involvement of 
many stakeholders and their commitment to ARD 
prevention
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La cité de l’or
Val d’Or , Québec  


