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PREFACE
Acid rock drainage (ARD), also referred to as acid mine drainage (AMD) or acidic drainage (terms
used interchangeably throughout this report), is a major mining waste management issue in Canada.
A 1994 estimate (Feasby and Jones; MEND 5.8e) calculated the potential acid generating materials
in Canada as 1900 million tonnes of tailings and 750 million tonnes of waste rock with a total liability
between $1.9 and $5.2 billion. There are numerous examples throughout the world where elevated
concentrations of metals in mine drainage have adverse effects on aquatic resources and prevent the
reclamation of mine land. Metal leaching problems can occur over a wide range of pH conditions, but
are particularly problematic with ARD. In North America, ARD has resulted in significant ecological
damage and multi-million dollar clean-up costs for industry and governments.
The Canadian Mine Environment Neutral Drainage (MEND) initiative is a co-operative research
programme that is directed by a partnership of the Canadian mining industry, federal and provincial
governments and non-governmental organizations (NGOs).

The original programme and its

subsequent initiative MEND2000 have contributed enormously to the understanding of acidic
drainage and how to prevent it.
research-driven programme.

MEND3, launched in 2001, furthers this effort with a strong,

The mission of MEND3 is “to provide leadership and guidance on

priority acidic drainage issues in Canada”. It achieves this through a multi-stakeholder coordinated
programme that focuses on national and/or regional needs. An integral part of the MEND initiative
continues to be its diverse and strong technology transfer activities.
INCO Ltd., in cooperation with MEND, commissioned the development of this document in 1998 as a
first step in compiling a working document for the design and construction of cover systems over mine
waste. The Unsaturated Soils Group at the University of Saskatchewan was asked to lead this
compilation, and in cooperation with the following group of people:
•

Dr. Michel Aubertin, École Polytechnique

•

Dr. S. Lee Barbour, University of Saskatchewan

•

Dr. G. Ward Wilson, University of British Columbia

•

Dr. Ernest Yanful, University of Western Ontario

MEND determined that an update to the manual was required in 2003 and as such funded the current
version provided herein.

The objective of this manual is to incorporate and integrate the best

available technology on cover systems from a wide variety of sources. This document is not intended
as a comprehensive design manual. It is meant to be used by mining personnel or others interested
in the use of cover systems on mining waste.

The control concepts behind the design and

construction of cover systems are explained and illustrated. In addition, the types of activities that
must be undertaken in the design process are described. The purpose of these discussions are to
help mining personnel understand the background and scope of work that would be required;
however, it would be expected that the detailed design would be undertaken by professionals working
in this area.
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O’Kane Consultants Inc. revised the original report under the direction of Dr. Lee Barbour, University
of Saskatchewan. The revised document incorporates recent advances in cover technology. Much
of this document was compiled from recent publications, such as the CANMET – CETEM Manual on
Cover System Design for Reactive Mine Waste (CANMET, 2002), the Dry Covers section of the
MEND Manual Volume 4 – Prevention and Control (MEND 5.4.2d), and the report prepared by the
International Network for Acid Prevention on the Long-Term Performance of Dry Covers (INAP,
2003).
Dr. Michel Aubertin, École Polytechnique, Dr. G. Ward Wilson, University of British Columbia,
Mr. Vincent Martin, Barrick Gold, and Dr. David Chambers, Center for Science in Public Participation,
completed a peer review of the five volumes. Their assistance in improving the document is greatly
appreciated.
This manual includes a summary volume (Volume 1) and the following four supporting technical
documents:
•

Volume 2 - Theory and Background;

•

Volume 3 - Site Characterization and Numerical Analyses of Cover Performance;

•

Volume 4 - Field Performance Monitoring, Sustainable Performance of Cover Systems; and

•

Volume 5 - Case Studies.
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INTRODUCTION

Waste rock or tailings containing sulphide minerals (predominately pyrite and pyrrhotite) can generate
acid rock drainage (ARD). Oxidation of the sulphide minerals occurs in the presence of oxygen and
water. The oxidation process is both chemical and biochemical, where biochemical oxidation occurs
at a faster rate than chemical oxidation. The rate of acid generation is dependent on several factors
such as temperature, pH, specific surface area of the waste particle, geometry of the waste storage
facility, and availability of oxygen and water.
Over the last decade, research initiated by the mining industry in cooperation with the Mine
Environment Neutral Drainage (MEND) programme, has resulted in the development of techniques
that can be used to evaluate and mitigate the effects of acid mine drainage. In most cases, these
techniques are based on the principle of restricting the development of conditions required for the
oxidation reaction (e.g. oxygen or water) or by limiting the transport of the reaction products into the
environment.
One option that has been extensively studied over the past 10 years is the use of soil covers (also
referred to as “dry” covers to contrast them from water or “wet” covers) constructed over waste rock
or tailings. The primary purpose of placing soil cover systems over reactive waste material is to
minimize further degradation of the receiving environment following closure of the waste storage
facility. Soil cover systems can be simple or complex, ranging from a single layer of earthen material
to several layers of different material types, including native soils, non-reactive tailings and/or waste
rock, geosynthetic materials, and oxygen consuming materials.
Current best management practice requires the placement of a cover onto most types of mine waste
including tailings, waste rock and/or spent heap leach rock at closure of the mine. The objectives of a
cover system may vary from site to site but generally include (i) dust and erosion control; (ii) chemical
stabilization of acid-forming mine waste (through control of oxygen or water ingress); (iii) contaminant
release control (through control of infiltration); and/or (iv) provision of a growth medium for
establishment of sustainable vegetation.
Dust and erosion are minimized by the placement of a layer of material suitable for the growth of
vegetation to stabilize the soil. Mulch can also be used to temporarily stabilize the surface, especially
before vegetation has become established. Erosion can also be controlled by shaping the landform
of the cover surface; for example, hummocks are often used in wet climates to minimize erosion
during rainfall events.
The principal mechanism utilized to inhibit oxygen ingress is the development of saturated conditions
within the cover. This “blanket” of water (i.e. a tension saturated layer of cover material) limits the
oxygen diffusion rate into the waste to the rate at which oxygen can diffuse through water; in
essence, providing a “water” cover without the requirement for a surface pond.
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Limiting the net infiltration of water into the waste is generally achieved by one of two methods. The
cover may be constructed of materials with a sufficiently low hydraulic conductivity barrier so as to
limit downward percolation of rainfall or snowmelt. This water is then stored near the surface of the
soil cover or is released as surface runoff. Alternatively, infiltrating water is stored within the cover
near the ground surface where it can be subsequently released via evapotranspiration. In these
“moisture store-and-release” type covers, the objective is to minimize deep percolation of water by
returning all infiltration waters to the atmosphere. Obviously, the local climate plays a major role in
whether a “barrier” or “moisture store-and-release” type soil cover is required.
The establishment of sustainable vegetation is achieved by placing a layer of soil appropriate for the
growth of the target vegetation type. The important factors when designing a vegetative soil layer are
the physical and chemical characteristics of the soil, and the soil must have sufficient nutrients to
support healthy vegetation. The layer must also have sufficient water storage capacity throughout the
growing season, and the hydrology of the site must be such that there is no potential for contaminants
to migrate into the vegetative layer.
In general, there is a tendency by stakeholders to develop performance criteria for a cover system,
which are tied directly to these specific design objectives. In many cases, this practice has led to the
development of single, often very conservative, numerical values of cover performance criteria such
as “net percolation”, “rate of oxygen ingress” and/or “plant density/mixture”. Figure 1.1 puts forward a
methodology for developing site-specific performance criteria for a cover system designed to control
ARD. The methodology described by the flow chart links the predicted performance of a cover
system to groundwater and surface water impacts.

This way, the appropriate level of control

(of oxygen ingress and/or net percolation) required by the cover system can be determined, and
cover system performance criteria can be developed on a case-by-case basis, with due consideration
of the short-term and long-term impacts on the receiving environment at a particular site.
The flowchart in Figure 1.1 outlines five fundamental stages of designing a cover system, as
described by O’Kane and Wels (2003). The first stage involves a site and material characterization,
which defines the type of waste, the size and geometry of the waste storage facility, the site-specific
climate conditions, as well as other pertinent factors. The second stage, the preliminary design
stage, starts with a conceptual cover design, where the appropriate type of cover system is chosen
based on the available material, the local climate, and the conceptual objectives for the cover system.
This stage also involves the analysis of the basic cover system design. This analysis often consists
of numerical modelling to explore different cover system design options and allows the design
parameters (e.g. cover thickness) to be related to performance (e.g. net percolation). The third stage
is an assessment of potential impacts on the receiving environment. The purpose of the impact
assessment is to relate the cover system design parameters (e.g. cover thickness) to environmental
impacts (e.g. groundwater quality). This stage also typically involves numerical modelling, such as
seepage and contaminant transport modelling.

The impacts quantified in this stage (such as

contaminant loadings into groundwater) are compared to regulatory standards, or a risk assessment
is completed with respect to the impact on the receiving environment. If the impacts do not comply,
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or are not acceptable based on the risk assessment, then changes to the preliminary cover system
design must be undertaken.

If changes to the basic cover system design are not sufficient for

compliance, then a “fatal flaw” is triggered, which involves a new conceptual design. If the predicted
impacts comply, then the preliminary cover system design is acceptable and the cover system design
process can proceed to the fourth stage, the final design stage. The final design stage involves field
trials and performance monitoring and the detailed design.

The field trials and performance

monitoring verify the impacts determined from the impact analysis, as well as the predicted
performance of the cover system design. In general, a few alternate cover system designs are
identified during the aforementioned stages, which typically result in the implementation of more than
one field trial. The detailed design then uses the information developed from the field trials to finalize
the optimum cover system design for preparation of construction documents and information. This
leads to the final stage: cover construction and long-term performance monitoring.

Site and Material
Characterization
Fatal Flaw

Fatal Flaw
Conceptual Design
Noncompliance

Preliminary Design
Numerical Modelling

Unacceptable Risk

Impact
Analysis

Field Trials &
Performance Monitoring

Detailed Design

Cover
Construction

Long-Term Performance
Monitoring
Figure 1.1

Flow chart of the cover design process (adapted from O’Kane and Wels, 2003).
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This manual has been organized into a handbook format. The main document (the “handbook”) is a
summary of the key points critical to the design of soil cover systems. The handbook is divided into
sections based on the flowchart shown in Figure 1.1. Each section provides an overview of the
relevant information and then refers the reader to a subsequent volume where the subject is
discussed in detail. This allows the reader to pursue the subjects that are critical to his or her own
design process, without becoming mired in a lengthy tome of information. An additional benefit to this
organization method is that the volumes can be updated as new information becomes available. This
is particularly applicable to the volume on case studies.
The only aspect of the flowchart outside the scope of this manual is the impact analysis and
compliance/risk assessment. Hence, further discussion is not provided on this aspect except to
reiterate that the impact analysis quantifies the relationship between cover performance criteria and
environmental impacts.

The specific environmental impacts to be evaluated depend on the

objective(s) of the proposed cover system design and local regulations. The environmental impacts
most commonly evaluated during cover system design include:
•

Impacts on surface water quality;

•

Impacts on groundwater quality;

•

Impacts on air quality;

•

Impacts on vegetation; and

•

Impacts on wildlife.

Section 2 presents the basic theory of unsaturated zone hydrology and introduces several key
concepts with respect to the design of cover systems. Section 3 discusses site characterization,
including laboratory and field methods for evaluating potential cover materials. Section 4 presents
the elements of conceptual cover system design and the approach to numerical modelling. Section 5
outlines field performance monitoring of test-scale and full-scale cover systems. Construction issues
relating to cover placement are discussed in Section 6.

Vegetation is discussed in Section 7.

Section 8 addresses the issues of erosion, surface water management, and landform evolution as
well as a discussion on sustainable performance of cover systems.

Finally, case studies are

discussed in Section 9. The case studies (Volume 5) are provided to illustrate the application of the
technology described in previous sections of the manual. In addition, the case studies will be used to
discuss the importance of addressing practical and technical considerations such as clay mineralogy,
development of borrow material areas, and cover system construction.
The case studies will also highlight key areas, or issues, of technology development, which have
resulted from the research. The objective will be to determine whether the case study has provided a
“lesson learned” with respect to the methodology utilized to design the cover system associated with
the case study, rather than attempt to identify a specific design that can be transferred from site to
site.

Transferring a cover system design from one site to another for the simple reason that it
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“worked” at the first site is one of the most common “fatal flaws” with respect to cover systems.
Hence, the case studies will focus on whether the field data has identified a flaw in the cover system
design methodology and/or philosophy such that a fundamental question can be addressed: Would
the methodology utilized to design the cover system for the particular case study have been different
if the information gained from the field performance monitoring been available at the start of the
project? This approach to evaluating and presenting the case studies within this manual will highlight
the importance of applying a proven and constantly updated methodology to cover system design.
The fundamental message is that it is the cover system design methodology that is transferable from
one site to the next, as opposed to the transfer of a particular cover system design from site to site.

1.1

Scope of Cover System Design

Figure 1.2 illustrates the scope of the conceptual system involving a cover system on a waste rock
storage facility. The scope includes the:
•

Performance of the cover on a relatively horizontal surface;

•

Performance of the cover on a sloping surface;

•

Internal hydraulic and geochemical performance of the waste material (including internal gas,
heat, and moisture dynamics); and

•

Influence of basal flow as a result of placing the waste material on a valley wall, a
groundwater discharge area, and/or historic surface water path.

Integration at the conceptual, basic, and detailed cover system design stages of each component of
the scope as listed above is the key to implementing the optimum cover system with respect to
technical and economic feasibility. It will also ensure the best opportunity for long-term sustainable
cover system performance as well as for developing a credible closure strategy.
In general, the first item is well understood and addressed during the design of cover systems.
However, the second and fourth items will significantly influence the metal loading released from the
waste material. For example, some documented case studies of “cover system failures” are in fact a
result of the cover system being designed for a horizontal surface while being constructed on a
sloping surface. The performance of a cover system on a sloping surface can be much different as
compared to a horizontal surface and the difference in performance relates to site climate conditions,
the slope length and angle, and the material properties. Numerous other documented “cover system
failures” can be attributed to the influence of basal flow resulting from placing the waste on valley
walls, basins, groundwater discharge features, and historic surface water paths. In these cases, the
release of acidic drainage from the waste storage facility following cover placement was due not only
to incident precipitation on the surface, but also sub-surface basal flow leaching oxidation products
from the storage facility. In many cases, the latter contribution to the release of contaminants of
concern from the waste storage facility can be a significant, if not dominating, component.
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Figure 1.2

1.2

Scope of the conceptual system: cover performance on a 1) horizontal and 2) sloping
surface, 3) internal hydraulic and geochemical performance, and 4) influence of basal
flow.

Background and General Discussion on Cover System Design

1.2.1

Cover System Objectives

The two principal design objectives of cover systems are:
1) To function as an oxygen ingress barrier for the underlying waste material by maintaining a
high degree of saturation within a layer of the cover system, thereby minimizing the effective
oxygen diffusion coefficient and ultimately controlling the flow of oxygen across the cover
system; and
2) To function as a water infiltration barrier for the underlying waste material as a result of the
presence of a low permeability layer and/or a moisture store-and-release layer.
Additional design objectives for cover systems placed on reactive tailings and/or waste rock can
include:
1) Prevention of mechanical weathering of the underlying waste material;
2) Control of consolidation and differential settlement;
3) Oxygen consumption (i.e. organic cover materials);
4) Reaction inhibition (i.e. incorporate limestone at the surface to control the rate of oxidation
(does not prevent oxidation)); and
5) Control of upward capillary movement of process water constituents/oxidation products.
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1.2.2

Cover Systems for Wet-Dry Annual Climate Cycles

It is difficult and usually not economically feasible in arid and semi-arid climates to construct a cover
system that contains a layer that remains highly saturated to reduce oxygen transport. The cover
system will be subjected to extended dry periods and therefore the effect of evapotranspiration will be
significant. However, subjecting the cover system to evaporative demands can be beneficial in arid
and semi-arid climates and result in a reduction of infiltration to the underlying sulphidic waste
material. A homogeneous upper cover surface layer with a well-graded texture and possessing
sufficient storage capacity can be used to retain water during rainfall events. The storage layer
releases a significant portion of pore-water back to the atmosphere by evapotranspiration during
extended dry periods, thereby significantly controlling the net percolation across the cover system
and into the underlying waste material. The objective is to control acidic drainage as a result of
preventing moisture movement into and through the waste material. A cover system with the above
objectives is often referred to as a “moisture store-and-release” cover system.
An issue that arises with respect to a cover system designed to only limit net moisture percolation to
the underlying waste is the question of only decreasing seepage, leading to higher concentrations
and ultimately the same loading to the environment. In general, there is not complete agreement as
to whether very low net percolation rates will lead to the same loading or a reduced loading. It is
argued that the low percolation rates associated with a properly designed moisture store-and-release
cover system (with no oxygen control) will eventually lead to contaminant release. Conversely, it can
be argued that there must be a reduction in loading for a percolation rate given that: “zero flow
corresponds to zero loading release”. In addition, at lower percolation rates the leachable areas of
waste rock, for example, will be greatly reduced (albeit the finer textured material will contain higher
concentrations of leachable contaminants). Finally, even a moisture store-and-release cover system
will provide protection from mechanical weathering and breakdown of waste rock (i.e. freeze-thaw
and wet-dry cycles), thus ensuring that the source of contaminant loading does not rapidly increase
following decommissioning.
1.2.3

Cover Systems with Low Hydraulic Conductivity Layers

A low hydraulic conductivity layer, which is typically achieved through compaction of local borrow
material, will restrict percolation to the underlying waste. A growth medium, or non-compacted layer,
must overlay the compacted layer. It is fundamental to note however that while net percolation will be
restricted by the presence of the low hydraulic conductivity layer, the growth medium’s ability to store
and release moisture will remain as a significant factor influencing net percolation to the underlying
waste. In general, one of the primary benefits of the compacted layer will be in “holding up” water for
a sufficient time to allow for the moisture to evapotranspirate.

This aspect of cover system

performance is indicative of climate conditions where pronounced wet and dry seasons are prevalent,
unless the hydraulic conductivity of the compacted layer is in the range of that typical for a compacted
smectitic clay layer. In addition, the presence of a low hydraulic conductivity layer on a sloping
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surface will also promote lateral diversion of moisture flow, also reducing net percolation to the
underlying waste.
Significant potential exists for increasing the hydraulic conductivity of the compacted layer as a result
of altering the structure of this layer during wet-dry cycles or freeze-thaw cycles. Hence, while it is
commonly accepted that the characteristics of a low hydraulic conductivity layer are the most
important component of a cover system, the thickness and characteristics of the overlying growth
medium are just as critical, if not more so, in terms of long-term performance of the compacted layer
and the entire cover system.
The low hydraulic conductivity layer discussed above is also a layer that typically possesses the
ability to retain moisture, thus creating a “blanket” of water (i.e. a tension saturated layer of cover
material) over the reactive waste material, which inhibits oxygen ingress.
1.2.4

Cover Systems with Capillary Barriers

The capillary barrier concept is commonly used in the design of mine waste cover systems and more
specifically, the design of multi-layer cover systems. The capillary barrier concept can be used to
maintain a tension saturated layer within the cover system and thus mitigate oxygen ingress. A finetextured material placed between an underlying and overlying coarse-textured material can result in a
capillary barrier for downward as well as upward moisture migration from the “sandwiched” layer.
The result is a layer within the cover system that maintains tensions saturated conditions, thus
controlling oxygen diffusion to the reactive waste.
A capillary barrier will result when a fine-textured soil overlays a coarse-textured soil, although a
capillary break can also develop when the coarse-textured materials overlies a fine-textured material.
The design of a capillary barrier is dependent on the contrast between the hydraulic properties of both
the coarse and fine materials. Capillary barriers, unlike compacted barriers, do not rely solely on a
low hydraulic conductivity layer to restrict moisture movement into the underlying material. Processes
that increase hydraulic conductivity, such as desiccation and freeze-thaw, do not necessarily
decrease the effectiveness of a capillary barrier.
Additional discussion on capillary barriers and preferential flow in coarse and fine-textured materials
is provided in Section 2.
1.2.5

Reaction Inhibiting and Oxygen Consuming Cover Systems

The function of cover systems with a reaction-inhibiting barrier is to provide an environment that
results in a significant reduction of the intrinsic sulphide oxidation rates (MEND 2.20.1). Materials
such as flyash and limestone can be incorporated into the cover system to provide alkalinity. This
results in an increase in the pH of the waste material pore-water, which in turn reduces the rate of
sulphide oxidation and neutralizes any existing acid.
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The purpose of oxygen consuming cover systems is to provide an environment that acts as an
oxygen sink, thereby reducing the oxygen available to the waste material. Organic materials, such as
wood chips or municipal waste compost, or non-acid generating materials containing sulphides, such
as desulphurized tailings, are examples of materials that can be used in oxygen consuming cover
layers.
1.2.6

Classification of Cover Systems

The design objectives for cover systems form the basis for classification of cover systems, which are
shown in Table 1.1. MEND 2.21.3a classified cover systems that control acid generation as: oxygen
transport barriers; oxygen consuming barriers; reaction inhibiting barriers; and moisture store-andrelease infiltration barriers. An infiltration barrier was added to include covers designed based on a
low conductivity layer.
Table 1.1
Summary of cover system classifications (adapted from MEND 2.21.3a).

1.3

Cover system Classification

Primary Role of Cover System in Inhibition of ARD

Oxygen transport barriers

Act to retain moisture and hence provides a low diffusion
barrier to atmospheric oxygen

Oxygen consuming barriers

Act as an oxygen consuming sink to provide low oxygen
concentrations at the interface

Reaction inhibiting barriers

Act to inhibit reactions, neutralizes pH

Moisture store-and-release
infiltration barriers

Act to minimize moisture flux by maximizing near surface
storage of moisture with subsequent release by
evapotranspiration

Infiltration barrier

Act to minimize moisture flux by providing a low
conductivity layer.

Factors Influencing Cover System Design Objectives

Several factors influence and often dictate the design objectives of a cover system. The key factors
are likely: climate conditions; waste material reactivity; type of waste material (i.e. tailings or waste
rock); hydrogeologic setting; and basal inflow conditions. These factors are discussed below.
1.3.1

Climate

The climate conditions at the mine site are a key factor in determining the cover system objectives. Is
it generally a “dry” site (potential evaporation greatly exceeds annual precipitation), or is it generally a
“wet” site (annual precipitation meets or exceeds annual potential evaporation)? However, caution is
required when using these “annual” criteria for characterizing wet climates at a site. Numerous sites
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exist where precipitation exceeds potential evaporation on an annual basis; however, the site typically
experiences hot, dry months where evaporation greatly exceeds rainfall.

These dry summer

conditions can make it difficult to design a cover system that meets all objectives throughout the year.
Where the potential evaporation exceeds precipitation on an annual basis, a similar level of caution is
required.

In many instances, the site will experience high intensity and short duration rainfall

conditions, which may exceed the storage capacity of the cover material.

Particular caution is

required when there is potential for consecutive significant rainfall events, which limit the time frame
for evapotranspiration to remove moisture from the previous event and therefore increase the net
percolation.
1.3.2

Reactivity of the Waste

The reactivity of the waste material is an important factor in determining the cover system objectives.
The reactivity of the waste is often determined from a contaminant source assessment.

A

contaminant source assessment focuses on determining the potential for the waste material to
produce pore-water that may cause an adverse impact or be non-compliant with respect to a
regulatory requirement. Typical contaminants include, but are not limited to, pH, acidity, alkalinity,
sulphates, nutrients, metals, and radionuclides. In terms of reactive mine waste, the contaminant
source assessment of existing impacts is to determine whether groundwater and/or surface water has
been impacted by the presence of the waste storage facility, or the mine operations in general. For
example, in the case of inert or non-reactive tailings, the only contaminants in tailings seepage are
those originally introduced to the impoundment with the process water. These contaminants can
include elevated concentrations of copper or cyanide for example, and all major ions, resulting in a
high ionic strength tailings pore-water. This manual generally addresses reactive waste; however,
non-reactive waste can also require specific design requirements based on the tailings pore-water.
Reactive waste will usually indicate that a “higher” quality cover system is required to control further
reactions.

For example, if tailings are reactive, they may oxidize and release contaminants

(i.e. oxidation products such as sulphate and metals) into the tailings pore-water. The degree of
contamination resulting from tailings oxidation (both with respect to make-up of contaminants and
contaminant concentrations) depends on the buffering capacity of the system (i.e. buffering capacity
of the tailings as well as resident process water). The tailings pore-water will become acidic quickly if
there is limited or no buffering capacity, resulting in accelerated oxidation and a large increase in
sulphate and dissolved metals. In contrast, if there is significant alkalinity (buffering potential) in the
tailings, the acidity released during sulphide oxidation will be neutralized, maintaining a circum-neutral
pH. The rate of oxidation is limited at this pH and many metals of concern are immobile; however,
some contaminants may stay in solution at elevated concentrations albeit at concentrations much
lower than in the case of no buffering. Clearly then, the level of reactivity and buffering capacity of
the waste will determine the design objectives of the cover system. In addition, the solubility of some
metals is higher at circum-neutral pH, compared to acidic conditions. Finally, metals such as Zn and
As, which may have been introduced to the pore-water as a result of sulphide oxidation and low pH
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pore-water conditions, remain in solution at neutral pH conditions (i.e. after some buffering has
occurred), resulting in elevated metal concentrations even for neutral drainage conditions.
1.3.3

Type of Waste

Assuming the waste material is sulphidic and reactive (with or without buffering capacity), the cover
objectives will also be a function of whether the material is tailings or waste rock. The texture of the
waste material has an impact on determining the cover system objectives; a tailings material will
typically be poorly drained, higher in moisture content, and finer-textured, while waste rock is typically
drained, coarser-textured and with comparatively low moisture contents.
These differing textural conditions between tailings and waste rock may also determine the cover
system objectives from a construction perspective. It can be very difficult to place a cover over
saturated fine tailings, while the integrity of the waste rock surface is typically not an issue. The
differing texture between waste rock and tailings also influences cover system objectives due to the
differing dominant mechanisms of oxygen transport. Finally, waste rock piles are typically associated
with steeper and longer side slopes as compared to tailings impoundments, which are generally
contained by dams.
1.3.4

Hydrogeologic Setting and Basal Flow

The hydrogeologic setting of a waste disposal facility will significantly control the cover system
objectives.

For example, many sites are characterized by a tailings basin located within a

groundwater system with significant lateral groundwater transport (i.e. the tailings water table is
controlled by the groundwater system and not incident precipitation falling on the tailings surface). In
these cases, leaching of process water and remnant acidity will take place regardless of the ability of
the cover system to control net percolation.
Waste rock is often end-dumped from valley walls and slopes. These walls and slopes will invariably
have historic surface water paths.

The waste rock placed over the paths will be subjected to

seasonal flushing resulting from the water table rising past the waste rock-valley wall interface into
the waste rock. Alternatively, waste rock placed on fractured bedrock and faults where groundwater
flow is focused can also be subject to seasonal flushing of stored acidity and metals. This long-term
seasonal flushing of the waste rock will influence the cover objectives.
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2

BASIC THEORY AND FUNDAMENTAL CONCEPTS

This section provides a basic introduction to the theoretical principles that govern soil cover design.
The majority of this theoretical background relates to the hydrology of the unsaturated zone. A more
detailed presentation of the theoretical basis for soil cover design is provided in Volume 2.

2.1

Unsaturated Zone Hydrology

The principle phenomenon of interest in soil cover design is the transient flow of water within
unsaturated soil. Two fundamental processes describe any transient phenomenon: flow and storage.
In the case of the soil cover, the primary issues of concern are the mechanisms responsible for the
storage and movement of water in unsaturated soil.

A

A
S

S
W
S
A
S = Sr
(S <<<<< 100%)

1 > S >Sr
(S < 100%)

S = 100%

Increasing Moisture Content

Figure 2.1

2.1.1

Schematic representation of a soil mass consisting of solids (S) with voids in between
filled with water (W) and air (A) (CANMET, 2002).

Volume/Mass Relationships

An unsaturated soil is comprised of three principal phases: solid soil particles, water, and air. A set of
simple terminology is required to define the mass and volume relationships for these phases. A
central concept in the performance of soil covers is the ability to relate the change in the volume of
water stored in the cover to a net flux into the cover. Consider the simple cover shown in Figure 2.1.
The initial volumetric water content within the cover is approximately 10% and the cover is one metre
thick. The definition of volumetric water content is the volume of water divided by the volume total;
therefore, the thickness of the cover (1 m) can be multiplied by the initial volumetric water content
(10%) to calculate that the volume of water stored in the cover, which is 0.1 m3 for every square
metre of cover surface area. If an additional 150 mm of water were added to this cover, then the
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water content would have to increase from 10% to 25%. The maximum amount of water that could
be stored in this soil at saturation can be calculated from the saturated volumetric water content,
equal to the porosity. If the porosity of this soil cover was 30%, then the maximum volume of water
(at saturation) within the cover would be 300 mm.
2.1.2

Definition of Suction

Soil is generally hydrophilic; that is, soil tends to adsorb and hold moisture on its surface. When you
try to remove water from a saturated soil by draining, small interfaces or menisci form between the air
moving into the pores of the soil and the water, much like the menisci in capillary tubes. The air
pressure can be assumed to be at atmospheric or “zero” pressure relative to atmospheric pressure.
Based on the curvature of the meniscus, the water pressure must be less than atmospheric, or
negative relative to atmospheric condition.

The matric suction within the soil is defined as this

differential pressure between the air pressure and the water pressure in the soil. If the air pressure is
assumed to be negative, then “suction”, is a positive value for a negative water pressure.

For

example, if the soil has a suction of 100 kPa, it is under a negative water pressure of 100 kPa.
The negative pore-water pressure condition is the result of capillary and adsorptive forces that attract
and bind water in the soil matrix, and is termed “capillary potential” or “matric suction”.

The

conceptual model for matric suction is that of a capillary tube where the soil pores form the tube and
the meniscus is formed by surface tension within the soil pore. This is illustrated in Figure 2.2, where
water raised in a capillary tube, like water in an unsaturated soil matrix, possesses a negative
pressure potential.
Figure 2.2 illustrates that under hydrostatic conditions (no flow) the total mechanical energy (total
head) in the water above the water table (water pressure equal to zero) is the same as that below the
water table even though the pressure head and elevation head vary. The negative water pressure
within the soil simply represents a level of mechanical energy present in the water as a result of porewater pressure.
It is important to note that the energy within the water may also vary as a result of changes in porewater chemistry. If this energy is referenced to “pure water at zero water pressure” then suction
should be defined as “total suction” comprised of both matric and osmotic components.
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Figure 2.2

2.1.3

Negative
Pore Water
Pressure

Positive
Pore Water
Pressure

Sub-atmospheric pressure within a capillary tube (after Fredlund and Rahardjo,
1993).

Soil Water Characteristic Curve

The simple example provided in Figure 2.2 illustrates that pores of different sizes will tend to drain at
varying levels of suction. In a soil, the pores are not a single size but vary over a large range
depending on the particle size and structure of the soil. A relationship exists between the volumetric
water content and the suction within the soil and is referred to as the soil water characteristic curve
(SWCC) or moisture retention curve.
Measurement of the SWCC is central to the design of any unsaturated system, such as a cover
system, because it describes the fundamental relationship between the energy state of the porewater and the volume of water stored within the soil pores.

Figure 2.3 presents representative

SWCCs for fine and coarse-textured materials. The negative pore-water pressure required to initiate
drainage of an initially saturated soil is called the air entry value (AEV). The SWCC is obtained from
a laboratory test in which the volumetric water content of a soil sample is measured at different
applied suctions.
A finer textured material has the ability to retain moisture under higher suction values as compared to
the coarse material because of smaller pore sizes. Hence, the coarser textured material starts to
“drain” first as suction is increased from saturated conditions, and de-saturates as suction continues
to increase. In contrast, the finer textured material remains at the saturated volumetric water content
(i.e. porosity) for the same suction condition. This phenomenon is referred to as “tension saturated”
conditions. Ultimately the finer textured material will also begin to drain as the suction is increased.
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The rate at which the water content decreases with increasing suction is a function primarily of the
particle size distribution of the material, but also other factors such as density and void ratio, which
are discussed in more detail in Volume 2. A uniform material will tend to drain “rapidly” over a small
range of suction values because the pore sizes are generally the same size. Well-graded materials
will have a moderate slope to the SWCC once drainage conditions are initiated because they possess
a wide range of pore sizes. A well-graded material will drain under higher and higher suction values
starting with the larger pore sizes first as the negative pore-water pressures overcome the water
tension conditions within the pores.
Volumetric Water Content
or
Degree of Saturation
Air Entry
Value

Clay
Silt
Sand
Gravel

Residual
Water Content

Positive
Pore-Water
Pressure

Figure 2.3

Log scale

Negative
Pore-Water
Pressure
(Suction)

The soil water characteristic curve for different soil types (after Freeze and Cherry,
1979).

Soil structure, aggregation, initial moulding water content of a compacted soil, method of compaction,
void ratio, type of soil, soil texture, mineralogy, stress history, and weathering effects are all factors
that influence the behaviour of the SWCC (Vanapalli, 1994).
hydraulic and mechanical properties of an unsaturated soil.

These factors also influence the
However, stress history and initial

moulding water content probably have the most influence on soil structure and aggregation,
especially for fine-textured soils.

Specimens of a particular soil, with the same texture and

mineralogy, can exhibit different soil water characteristic curves if they are prepared at different initial
moulding water contents and possess different stress histories. The engineering behaviour of each of
the specimens will differ as a result. The key factors affecting the shape of a SWCC are discussed
further in Volume 2.

Volume 1: Summary

15

MEND 2.21.4 – Design, Construction and Performance Monitoring of Cover Systems for Waste Rock and Tailings

2.1.4

Hydraulic Conductivity Function

Hydraulic conductivity refers to the ability of a soil to transmit moisture. Water will move through soil
in response to energy gradients. These gradients are commonly due to mechanical energy gradients
(e.g. total head comprised of pressure head and elevation head) but may also be due to thermal,
electrical, or chemical energy gradients (Mitchell, 1976). The relationship between the unit flux of
water in response to a mechanical energy gradient is commonly referred to as Darcy’s Law and is
written as follows:

q = −ki

[2.1]

where q = unit flux of water (m/s), k = hydraulic conductivity (m/s) and i = energy gradient (unitless).
Darcy’s Law is applicable to soil, regardless of whether it is saturated or unsaturated. The key
difference, however, is that the hydraulic conductivity of a saturated soil is often taken as a constant
whereas the hydraulic conductivity of an unsaturated soil will change with the degree of saturation or
volumetric water content (See Figure 2.4).

Volumetric water content can be related to suction

through the SWCC, and hence this function can also be described by a relationship between
hydraulic conductivity and suction as shown in Figure 2.5. Detailed descriptions of the theory of
water flow in unsaturated soils are well defined by Freeze and Cherry (1979), Fredlund and Rahardjo
(1993), and Guymon (1994).

Gravel
Hydraulic
Conductivity
Log scale

Sand
Silt
Clay

Saturated

Figure 2.4

Volumetric
Water
Content

Dry

The hydraulic conductivity function (versus water content) for different soil types
(after Freeze and Cherry, 1979).
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Figure 2.5

2.2

The hydraulic conductivity function (versus suction) for different soil types (after
Freeze and Cherry, 1979).

Counter Intuitive Nature of Unsaturated Flow

The key theoretical concepts related to the design of cover systems are the soil-water characteristic
curve (SWCC), the hydraulic conductivity function, the capillary barrier concept, and the relationship
between degree of saturation and the diffusion of oxygen. MEND 2.21.3a, MEND 5.4.2d, and others
describe these concepts in detail.
Unsaturated flow is counter-intuitive to saturated flow, which is typically encountered in groundwater.
A detailed discussion of unsaturated flow and storage is presented in Volume 2, including issues of
evaporation, preferential flow, basal inflow, wetting, and pore-water velocity.

These issues are

important to understand to ensure accurate and defensible analysis, design, and review of cover
systems for reactive mine waste. The following discussion is limited to an introduction of capillary
barriers and oxygen ingress to reactive mine waste.
2.2.1

Capillary Barriers

The capillary barrier concept is commonly used in the design of cover systems and more specifically,
the design of multi-layer cover systems. Rasmusson and Erikson (1986), Nicholson et al. (1989),
Morel-Seytoux (1992), Aubertin et al. (1996), Bussière and Aubertin (1999), MEND 2.22.2a, and
others, describe the capillary barrier concept in detail. The concept is introduced here, with a more
detailed discussion in Volume 2 as well as Volume 3.
A capillary barrier results when a finer textured material overlays a coarser textured material, as
illustrated in Figure 2.6. The design of a capillary barrier is dependent on the contrast between the
hydraulic properties of both the coarse- and fine-textured materials.
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Coarse Textured Soil Layer

Fine Textured Soil Layer

Coarse Textured Soil Layer
Waste Material

Figure 2.6

Multi-layer cover system over waste material.

The lower coarse-textured material may drain to a residual moisture content if conditions allow. The
residual suction for coarse-textured material is relatively low compared to the finer textured material
but the hydraulic conductivity of the sand is considerably lower at residual than at saturation. The
overlying fine-textured material will not drain at this low suction and as a result, it remains in a tension
saturated condition. This “capillary” break will occur whenever the residual suction of the lower
coarse-textured material is less than the AEV of the upper fine-textured material. A second coarsetextured layer overlying a fine-textured layer may also be included in the design of a capillary barrier
system. The role of this coarser layer is to prevent evaporation from the fine-textured layer. The
upper coarse-textured layer may also reduce runoff because it provides for storage of water following
infiltration. Infiltration into the coarse layer also allows some water to reach the underlying finetextured material and satisfy any antecedent moisture losses.
In summary, the capillary barrier concept is utilized in the design of cover systems for two primary
reasons. The first is to keep a central, fine-textured layer near saturation under all climatic conditions.
This in turn limits the ingress of oxygen as described in the next section. In addition, the lower
hydraulic conductivity of the fine-textured layer (usually compacted), combined with the lower
capillary barrier, provides a control on net percolation to the underlying waste material. Capillary
barriers are considered as an alternative in arid and semi-arid climates where maintaining a layer
within the cover system at high saturation conditions (i.e. a compacted layer) may not be possible.
Processes like desiccation and freeze-thaw, that affect the hydraulic conductivity of compacted
layers, do not decrease the effectiveness of capillary barriers. Capillary barriers also act to restrict
the upward capillary rise of salts and/or oxidation products from underlying waste material into the
finer textured cover material, which in turn could have a detrimental impact on vegetation.
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2.2.2

Cover Systems on Sloping Surfaces

Considerable fundamental and applied research has been undertaken on the performance of cover
systems for mine waste rock and tailings. In general, the literature illustrates that the majority of
cover designs deal with one-dimensional flow of heat and moisture vertically across horizontal layers.
Field performance monitoring has also typically focused on one-dimensional performance. In reality,
sloping surfaces are relatively common in the reclamation of waste rock surfaces or tailings dam
walls. The hydraulic performance of a cover system placed on these slopes, and its ability to function
as oxygen ingress and water infiltration control systems, will be different than that predicted by
idealized one-dimensional numerical models (Boldt-Leppin et al., 1999).
The topographically controlled groundwater flow system developed in fine-textured soils in waste
piles is analogous to natural groundwater flow on hill slopes. The distribution of the hydraulic heads
is controlled by the topography because when different elevations of cover material are at similar
pressures as a result of soil-atmosphere moisture fluxes, an elevation gradient still exists down slope.
The flow system is mainly influenced by low hydraulic gradients controlled by the slope, low hydraulic
conductivity, high capillary forces due to the fine-textured soils, and spatial homogeneity
(Barbour et al., 1993).
MEND 2.22.4b and Aubertin et al. (1997b) used two-dimensional numerical modelling of unsaturated
inclined layers (silt layer between an upper and lower sand layer) to assess the degree of saturation
in a sloped cover system designed to prevent gas transport across the cover. The effects of a 4%
slope on de-saturation of the up-slope cover layers after 60 days of drought were demonstrated.
Bussière et al. (1998, 2000, 2001, 2003a) provide further details on the effects of side slopes on the
efficiency of capillary barriers to control ARD. Research by Bussière et al. (2003b) confirm that the
slope angle or inclination, precipitation rate, soil properties, and thickness are the main parameters
influencing the diversion capacity of an inclined cover system utilizing a capillary break.

2.3

Oxygen Ingress to Reactive Mine Waste

A brief introduction to oxygen ingress mechanisms is provided in this section.

For more detail

regarding oxygen ingress, the reader is referred to Volume 2.
Oxygen within the root zone is indispensable to plant growth and is of major importance for soil
organisms and soil chemical processes. Oxygen can also move across the surface of mine waste by
diffusion and advection processes in both the gas and solution phases. Diffusion is the movement of
molecules or ions from a region of higher concentration to one of lower concentration as a result of
their random Brownian movement. An advective process is one in which the solute (i.e. dissolved
oxygen) is carried along with a moving solvent (i.e. infiltrating water). In the case of oxygen transport
into waste rock the oxygen may be carried along with air moving through the pile. Therefore, oxygen
can be transported across the cover system as a result of infiltrating water containing dissolved
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oxygen, through barometric pumping, as a result of convection, wind action, and volume
displacement during infiltration, all coupled with diffusion within both the liquid and gas phase.
Following cover placement, the predominant mode of oxygen transport across the cover and into the
mine waste is through diffusion. The rate of diffusion is described through the use of Fick’s Law,
which is written as follows:

q = −neq D *

∂C
∂x

[2.2]

where q = mass flux of oxygen (kg/m2/s), neq = equivalent porosity, D* = diffusion coefficient (m2/s), C
= oxygen concentration in the gas phase (kg/m3), and x = depth (m). The equivalent porosity, which
defines the porosity available for oxygen movement, is described in detail in Aubertin et al. (2000).
The diffusion coefficient through a dry soil is nearly four orders of magnitude higher than it would be
for a saturated soil, which is similar to the coefficient of diffusion through water. A tension saturated
cover material consequently acts much like a “blanket of water” held in place by the cover material
itself. Figure 2.7 illustrates the effect of the degree of saturation of a soil on the diffusion coefficient of
oxygen. There is a substantial decrease in the oxygen diffusion coefficient at higher degrees of
saturation.
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Figure 2.7

Effect of the degree of saturation on the oxygen diffusion coefficient, where De =
neqD* (Mbonimpa et al., 2003). Note, the curve is based on a model, and is not a
best-fit of the data points.
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3

SITE CHARACTERIZATION

3.1

Introduction

This manual focuses on site characterization with respect to cover system design. However, it is
fundamental to note that comprehensive site characterization should also include a contaminant
source assessment, as well as an assessment of existing impacts. Examples of impacts include
drawdown of the water table, mounding of a water table, as well as impacts on groundwater or
surface water quality due to salinity or ARD. In general, it is typical that during an assessment of
current conditions an understanding of the local hydrogeology will be developed, which can then be
utilized during the impacts analysis component of the cover system design methodology (see
Figure 1.1). An understanding of the local hydrogeology would include hydrostratigraphy, aquifer
parameters, direction and hydraulic gradient of groundwater flow, and hydrogeochemistry. These site
characterization components are not within the scope of this manual.
Site characterization with respect to the design of cover systems for mine waste requires an
understanding of the local natural landforms as well as the mining features such as open pits, waste
rock piles, and tailings storage facilities. The available potential cover materials and the objective of
the cover system, whether it limits the infiltration of water and/or oxygen, have a large influence on
the cover system design. The mine site materials characterization is designed to analyze in situ
materials on the mine site and determine if they are suitable for use as a cover material. The
objectives of the mine site materials investigation are to classify the types of all potential borrow
materials available on site, including benign or “clean” waste material sources and define the
horizontal and vertical limits of these deposits.
In general, the materials characterization can be grouped the following categories: 1) compiling and
interpreting existing site data, 2) field characterization and sampling, and 3) material testing.

3.2

Compiling and Interpreting Existing Site Data

Preparation of the materials investigation programme should be undertaken one to two months prior
to the commencement of field characterization and sampling.

Preparation work includes the

collection of all existing site data and an initial mine site survey. Each will assist in identifying the
appropriate areas in which field sampling test pits should be excavated.
3.2.1

Collection of Existing Data

In North America and many parts of the world, new mining operations or recently developed mining
operations have completed environmental impact assessments (EIA). These documents thoroughly
investigate pre-existing sub-surface and surface conditions and estimate the characteristics of the
mine waste rock piles and tailings storage facilities. The EIA includes data such as the assessment
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of the regional geology, hydrogeology, surface topography and hydrology, climate, and the biological
ecosystem.
Environmental impact assessments will not be available at many mine sites; however, most
operations have a large amount of historical information. Collection of data such as borehole logs,
groundwater piezometer data, and previous reports will assist in identifying the location and type of
potential cover materials on the mine site.
Historic climate data collected on the site or at a location near the site is important. The local climate
is one of the critical factors influencing the cover system design objectives. It is also very useful for
numerical modelling used later in the design process and for comparison to field performance
monitoring data once a test or full cover system has been installed.
3.2.2

Initial Mine Site Survey

The initial mine site survey is a quick (less than one day) inspection of the potential cover materials
available on the mine site.

The survey of the mine site should include personnel with a good

knowledge of the mine site materials (e.g. mine site geologists, environmental officers) and the
personnel undertaking the mine site materials investigation. The area on which the cover system will
be placed should be examined first. An estimate of the size of the area is needed to judge the
volume of cover materials required. The potential cover materials, including any suitable waste rock
material, should be roughly grouped into the following categories:
• Topsoil – this material is often rich in organic matter and nutrients and is desirable for the top
surface of a cover system to assist in reclamation efforts (note however that it is common for
topsoil to contain weeds and non-native vegetation, thus making the topsoil undesirable);
• Well-graded material – this material is desirable for use in moisture store-and-release cover
systems and can also act as a protection layer in hydraulic barrier and capillary break cover
systems;
• Clay or clayey/silty material – this material can be formed into a low hydraulic conductivity
barrier; and
• Competent, coarse material – this material can armour the cover system against erosion,
especially on sloping surfaces.
The location of each type of material and its distance from the area requiring the cover system should
be noted.
In addition to evaluating potential cover materials, the development of a defensible cover system
design requires detailed information with respect to the underlying materials.

Hence, site

characterization will also require sampling of the material to be covered (tailings, waste rock, spent
heap leach material) so that hydraulic material properties for these materials can also be determined.
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3.3

Field Characterization and Sampling Programme

A field characterization and sampling programme consists of the excavation of test pits, sample
collection for geotechnical and geochemical testing, and the completion of in situ field tests.
3.3.1

Excavation of Test Pits

Excavation of test pits is a relatively straightforward method of material sampling and
characterization. The wall of the excavation allows a visual inspection of the material, especially
material and moisture variations with depth. As the pits are excavated, material samples can be
taken and in situ field testing can be performed at various depths.
Test pits in waste rock and borrow materials are typically excavated using a rubber-tired backhoe.
This type of backhoe has the ability to dig through almost all materials and is relatively mobile. If
deeper test pits are deemed necessary, then a larger excavator may be required. Sampling of
tailings material can also be completed using a backhoe, provided the surface of the tailings is stable.
Alternatively, it is common for samples to be collected by augering, which can be done manually,
using a small drill rig mounted on a light vehicle, or using a small portable drill rig.
Before excavation, the location of the test pit is recorded (ideally “marked” using GPS) and the
desired depth of the test pit and the probable sampling programme is identified. Representative
samples are collected for each distinct material type encountered in the test pit. If the material within
the test pit is homogeneous, samples are collected at recorded depths. The type and condition of
any vegetation in the test pit area should also be recorded to assist with evaluating the material’s
suitability as a growth medium. Figure 3.1 shows an excavated trench in oxide waste rock material.
3.3.2

Collection of Samples for Laboratory Characterization

Material samples are generally collected in the field for both geotechnical and geochemical testing
purposes.

The samples are generally either small or large grab samples, depending on the

characterization test to be performed on the sample.

For example, samples for particle size

distribution and detailed geotechnical testing are typically placed in a number of 20 litre pails, while
smaller re-sealable bags are used to collect samples for moisture content and geochemical testing.
In general, particles greater than 100 mm are not included in the samples collected for laboratory
characterization.

Figure 3.2 shows a large-scale field screen, or grizzly, which provides the

necessary field control (i.e. less than 100 mm) on the material that is placed into the 20 litre buckets.
It is beneficial to collect duplicate samples during the test pit excavation, even if rigorous testing is not
planned. Most of the cost associated with a sampling programme is the earth moving equipment and
personnel required to conduct the sampling. The incremental cost to collect duplicate samples for
potential physical and geochemical testing offers a significant benefit when weighed against any
additional costs associated with re-sampling should it be determined that it is required.
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Figure 3.1
3.3.3

A 2.0 m test pit excavated in waste rock material.

In Situ Field Tests

The in situ field tests include paste pH / paste conductivity, gravimetric moisture content, field
hydraulic conductivity, density, and determination of the Munsell colour. Visual test pit logs are
recorded as the test pits are developed.

Details regarding these test procedures are given in

Volume 3.
Paste pH test results provide an indication of the current state of acidity in the samples, while the
paste conductivity test results provide an indication of the total soluble solids associated with the
sample. The tests indicate whether oxidation and accumulation of potentially leachable contaminants
have occurred in the potential cover or waste material. Materials with low field paste pH and high
conductivity are, in general, not considered to be adequate cover materials.

Paste pH / paste

conductivity tests are not a substitute for a proper geochemical characterization programme;
however, in concert with standard field observations during a site investigation (e.g. colour, lithology,
sulphide content, evidence of oxidation of secondary mineralogy, vegetation, venting, seepage and/or
surface water quality, and fish and biota conditions) they are a good indicator of which samples
should be submitted for further detailed geochemical testing.
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Figure 3.2

Large-scale field screen (grizzly) used to remove material greater than 100 mm.

The moisture content and density of the test pit profile is useful for modelling purposes (initial
conditions), as well as for ensuring that laboratory samples are prepared at the appropriate
conditions. The gravimetric moisture content is an indicator of the in situ pore-water pressures and
moisture flow in the unsaturated zone, while the density provides the in situ porosity of the material.
Field measurements of hydraulic conductivity can be obtained using a number of methods: a surface
ring infiltrometer, a dual ring infiltrometer, a tension infiltrometer, a constant head well permeameter,
a Guelph permemeter, as well as others. Determination of field hydraulic conductivity is fundamental
because secondary structures in soil (e.g. cracks, worm holes, root channels, etc.) can provide the
dominant flow path in fine-textured materials.
The Munsell colour chart is a standardized means of recording the material colour used in the
classification of the material. Munsell soil colour charts are commercially available and provide a
colour code and a colour name. A record of the visual characteristics of the test pit is completed in
the test pit log. Characteristics such as the material texture, relative moisture content, gradation, and
structure are noted. Digital photos should also be taken as part of the test pit logging exercise.
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3.4

Laboratory Characterization Programme

The laboratory characterization programme for most comprehensive cover design studies involving
reactive mine waste will consist of a geotechnical and a geochemical component.
3.4.1

Recommended Geotechnical Testing Programme

The geotechnical laboratory test programme is generally completed on both the potential cover
material and mine waste material samples. The programme is designed to determine physical and
hydraulic parameters of the materials for input to soil-atmosphere cover system design and numerical
models. A comprehensive geotechnical characterization programme would consist of laboratory tests
to determine the following parameters:
•

Particle size distribution (PSD);

•

Atterberg limits (and possibly X-ray diffraction to assist with determining clay mineralogy);

•

Specific gravity;

•

Compaction curve (i.e. Proctor curve);

•

Saturated hydraulic conductivity;

•

Consolidation-saturated permeability relationship; and

•

Soil water characteristic or moisture retention curve.

Some of the tests, such as PSD and Atterberg limits, are well known and can be completed by almost
all geotechnical engineering testing firms.

Other tests, such as the hydraulic conductivity and

moisture retention tests, are specialized and performed by only a small number of laboratories. A
description of the various geotechnical laboratory tests is provided in Volume 3.
3.4.2

Recommended Geochemical Testing Programme

A detailed geochemical testing programme is generally performed on samples of reactive mine waste
to determine the current and potential long-term geochemical characteristics of the waste material.
Simple geochemical laboratory tests, such as paste pH and conductivity analyses, would generally be
performed on potential cover material samples to ensure that the material is suitable for use in the
cover system design from a surface water quality perspective.
A more comprehensive geochemical characterization programme would include, but is certainly not
limited to, the following laboratory tests:
•

Paste pH and conductivity analyses – largely to serve as QA/QC for field measurements;

•

Modified Acid Base Accounting (ABA) tests – which consist of total sulphur analyses and acid
neutralization capacity titrations;
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•

Static Net Acid Generation (NAG) tests – which, together with the results of the ABA tests,
provide a refined classification of the potential for acid generation;

•

Kinetic Net Acid Generating (NAG) tests – if a better understanding of the time dependent
oxidation processes are deemed necessary;

•

Leach extraction tests – to provide an indication of the pore-water chemistry and soluble
content associated with the samples;

•

Forward acid titration tests (also termed acid buffering characteristic curves) – to provide an
indication of the pH ranges in which buffering is available; and

•

Multi-element ICP whole rock analysis – to provide an assessment of the heterogeneity of the
materials.

A description of the tests and additional references are given in Volume 3.
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4
4.1

CONCEPTUAL COVER SYSTEM DESIGN
Introduction

Following a site characterization, the next stage in the development of a cover system is the
conceptual cover system design. Defining the cover system objectives is the first step in the design
of the conceptual cover system, as discussed in Section 1. Once the objectives are defined, then a
type of cover system is chosen from a conceptual perspective on the basis of site specific factors
such as climate and available materials. To evaluate different types of cover systems against the
defined cover system objectives, numerical modelling tools are often used to predict performance.

4.2

Conceptual Design

The conceptual cover design must be chosen based on the materials available, the climate, and the
objectives of the cover. It is critical that the conceptual cover design is tailored to the characteristics
of the specific site and not chosen based solely on the design having “worked at another site”.
Site characterization defines the available materials and climate. Once the candidate cover materials
are known, the type of cover system design best suited to the site can be evaluated based on
interpretation of the laboratory test results, as well as the site’s climate conditions. The results of the
laboratory tests can be interpreted to determine whether suitable materials to meet these criteria, and
of sufficient volume, are available at the site. In the event this is not the case, or it is not clear
whether the material is suitable, then alternate cover system design scenarios may need to be
developed and included in the preliminary numerical modelling evaluation, as discussed in
subsequent sections.
For example, if a site is located in a humid environment with an annual moisture surplus (i.e.
precipitation is similar to or greater than potential evaporation), then it could be assumed that one of
the layers of the cover system will likely need to possess low hydraulic conductivity to function as a
“barrier” to water infiltration. In addition, a material suitable as a growth medium will be required
above this layer to allow for establishing a sustainable vegetation cover, as well as to provide a
means of satisfying the demand for moisture from evapotranspiration during the inevitable dry
summer periods.
The objective during the conceptual cover system design stage is to “match” the site’s climate
conditions with the available potential cover materials, and develop feasible design alternatives prior
to conducting any numerical modelling.

Consideration for the chemical, physical, and biological

processes that could alter the laboratory measured or assumed properties of the cover material
(e.g. saturated hydraulic conductivity), and thus impact on long-term performance of the cover system
must be included in this conceptual cover system design stage. This aspect of the conceptual cover
system design stage is fundamental to ensuring that a potentially fatal flaw in the design is not
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introduced. Finally, consideration for construction issues (e.g. constructability, complexity, difficulty
with quality assurance / control) must also be included in the conceptual cover system design stage.
4.2.1

Alternate Cover System Designs

Figure 4.1 shows the base method cover system design as well as variations of the base method.
The purpose of discussion in this section is to help mine personnel understand the alternate cover
system designs typically evaluated. However, due to the complexity of the design and evaluation
process it would be expected that professionals working in this area would undertake the detailed
work required to evaluate the alternatives.

Variations on the Base Method
Base
Method

III
I

II

Native
or
Barren
or
Oxidized
Cover
Compacted

V

Waste
Material
Native
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or
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Cover

Native
or
Barren
or
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Waste
Material

Capillary
Barrier
Waste
Material

Waste
Material
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Figure 4.1
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Schematic illustration of the base method cover system and variations of the base
method (adapted from Swanson et al., 1999).

Numerous combinations of the variations presented in Figure 4.1, could be evaluated, but in the
interest of clarity only the basic variations are shown. The simplest case (i.e. the base method cover
system design) is typically evaluated first during the conceptual and /or preliminary cover system
design phase, and then complexity added until the desired design objectives are met. In general,
increasing complexity in the design of a cover system implies increased cover system performance,
but would also typically entail increased costs and a more difficult cover system to construct. Note
however, that an increase in performance is not necessarily true for all climate conditions.

For

example, a moisture store-and-release cover system in arid or semi-arid climate conditions can
provide the same level of control on net percolation as compared to a cover system with a low
hydraulic conductivity barrier layer or a capillary barrier cover system.
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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; and

•

vegetation conditions.

“Barren waste” in the subsequent discussion of alternate cover system designs is considered to be
non-reactive waste rock or tailings. This material is not considered as a “special cover material”, but
rather a logical cover material source available to most, if not all, mine sites. “Oxidized waste cover
material” is considered to be near surface waste rock that at one time contained sulphide minerals,
but now is free of sulphides and oxidation products through natural weathering over geologic time.
The base method and variations of the base method were presented in MEND 5.4.2d and are
discussed below.
1) Base Method – Non-compacted cover material placed directly on the waste material. This
material is usually native material, barren waste material, or oxidized waste material. The
primary objective of this cover system is establishment of a sustainable vegetation cover,
although reduction of net percolation could also be viewed as a prime objective. This design
is most commonly used to cover waste materials that are non-reactive.
2) Base Method Variation I – Non-compacted cover material placed directly on the waste
material, but with an increase in the thickness of the non-compacted material. This cover
system is an attempt to increase the ability of the cover system to reduce net percolation of
moisture to the underlying waste by increasing the available moisture storage capacity
(i.e. store and release of moisture). Establishing a sustainable vegetated cover is also an
objective.
3) Base Method Variation II – A capillary barrier material is placed directly on the underlying
waste and overlain by non-compacted material.

The primary objective of including the

capillary barrier material is to provide a hydraulic discontinuity between the underlying waste
and the overlying non-compacted cover material. The capillary barrier material is typically
added if potential exists for capillary rise of contaminants (i.e. process water and/or oxidation
products) to impact the sustainability of vegetation or the quality of surface water.
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4) Base Method Variation III – A compacted layer is placed directly on the underlying waste and
overlain by the non-compacted material. The objective is to provide a hydraulic barrier to
percolation of water due to the low hydraulic conductivity of the compacted material. In
addition, the compacted material will typically have the ability to retain moisture under
significant drainage and evaporative conditions. Hence, a barrier to oxygen ingress can be
achieved by the presence of the compacted material because of the high saturation levels
maintained in the compacted layer. The compacted material can consist of native material,
run-of-mine waste material (barren or oxidized), or tailings (inert or desulphurized). The
upper layer of non-compacted material will store and release moisture as well as provide a
medium for vegetation development.
5) Base Method Variation IV – An alternate cover material is placed on the underlying waste
and overlain by non-compacted material. The alternate cover material can be an organic
layer of material such as municipal solid waste compost, wood waste, peat, etc. These
materials have the potential to provide physical barriers to oxygen ingress (i.e. high saturation
layers) but also to consume atmospheric oxygen through decomposition. These materials
also have the potential to function as vegetation growth mediums, thereby limiting the
requirement for the non-compacted native material. The alternate material can also consist
of synthetic materials such as cementitious material, shotcrete, flyash mixtures, geopolymers,
flexible membrane liners such as geomembranes and geosynthetic clay liners, and
ameliorated cover material barriers where bentonite (with or without polymers) or flyash are
added to enhance performance of the compacted cover material.
6) Base Method Variation V – This variation of the base method cover system design includes a
capillary barrier material placed directly on the waste material, as shown in Figure 4.1. The
capillary barrier material is usually a uniform material (i.e. like beach sand) that is coarser in
texture than the compacted material.

A compacted layer and an upper capillary barrier

material then overlie the lower capillary barrier material.

The three layers are typically

overlain by a vegetation growth medium. It can be feasible for the upper capillary barrier
material to act as a growth medium if the compacted material has significant fines and
moisture retention, thus allowing the overlying capillary barrier material to be finer textured
and function as a zone for root development.

4.3

Approach to Numerical Modelling

Predicting the performance of cover systems using numerical modelling should use a philosophy that
integrates the waste material within its environmental context. This is in contrast to attempting to
isolate the waste from the environment to completely prevent the production and release of sulphide
oxidation products. The cover system must be designed as an unsaturated system exposed to the
atmosphere, where cover system performance is significantly influenced by daily, seasonal, annual,
and long-term site climate conditions. An approach that attempts to completely “isolate” potentially
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net acid forming mine waste from the environment is based on the somewhat flawed viewpoint of
considering an engineered cover system as an “upside down liner”. This latter philosophy would
greatly increase the potential for long-term performance problems in almost all situations.
The key issues governing the use and applicability of modelling tools relate to defining the input
required for the model and understanding the key output. These issues not only affect the choice of
model best suited for the application, but also the site and material information required prior to
evaluating the designs.
4.3.1

Processes

All models operate under the same fundamental principles: solving a set of equations that describe
physical processes subject to boundary conditions and material behaviour (material properties). The
physics govern which processes are occurring in the system, the boundary conditions set limits on
the problem, and the material properties change the way the physical processes act.
In evaluating cover system performance, the physics that are involved are typically limited to:
•

Movement of air: this includes advection and diffusion processes and includes the flow of
oxygen or other gases of interest;

•

Movement of water: this includes percolation of liquid water (advection) as well as
evaporation (movement of water vapour), and transpiration;

•

Solute movement: this includes both advective and diffusive movement of contaminants;

•

Adsorption of water vapour or contaminants;

•

Decay or reaction, such as the oxidation of sulphide minerals; and

•

Heat transfer, such as freeze-thaw or internal heat generation.

Not all of these processes are involved in every system. Often, the physics modelled are limited to
the movement of air and water.
4.3.2

Input

The boundary conditions set limits on the problem and force the physical processes to behave in
certain ways. The key boundary conditions for cover system modelling are:
•

Upper boundary conditions: climate and vegetation;

•

Lower boundary conditions: hydrogeology; and

•

Initial conditions.
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Material properties are usually based on some key measurable properties such as porosity, specific
gravity, saturated hydraulic conductivity, and the SWCC.
Once the input has been defined, a method of solution must be chosen. The term “modelling” has
become synonymous with commercially available software packages but the method of solution may
be analytical or numerical, one-dimensional or multi-dimensional, and can be as simple as a single
formula or complex as a three-dimensional finite element model.
4.3.3

Output

The output from numerical modelling is directly related to the cover system performance criteria,
which relates back to the cover system objectives. Typically, the key outputs from the numerical
model are fluxes: both oxygen and water fluxes.
In general, the output used for determining the preferred cover system design for a given site is the
predicted net percolation to the underlying waste. Control of oxygen ingress throughout the year may
also be a basis for determining the preferred cover system design for certain areas, depending on the
prevalent site climate conditions. It is important to note, however, that control of oxygen ingress may
not be technically or practically feasible at all sites due to significant dry climate conditions for an
extended period of the year. Despite this, oxygen ingress should always be modelled / predicted as
part of the cover system design process such that the data can be used during geochemical
speciation modelling of the underlying waste.
Lastly, it is fundamental that the performance of the cover system is “linked” to predicted seepage
from the waste storage facility and ultimately to the impact on surface water and groundwater. This
fundamental concept incorporates the scope of the cover system and provides the necessary
rationale for determining the required reduction in net percolation and / or control in oxygen ingress
for the cover system.
4.3.3.1

Defining Net Percolation

Net percolation, as shown conceptually in Figure 4.2, is the net result of meteoric water infiltrating into
the cover material surface. Meteoric water will either be intercepted by vegetation, runoff, or infiltrate
into the surface. Water that infiltrates will be stored in the “active zone” and may then subsequently
exfiltrate back to the surface and evaporate, or be removed by transpiration. A percentage of the
infiltrating meteoric water will migrate beyond the active zone as a result of gravity overcoming the
influence of atmospheric forcing (i.e. evaporation), and result in net percolation to the underlying
waste.
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Conceptual illustration of net percolation.

Numerical Modelling Methodologies

There are many tools available to aid in the analysis and design of cover systems.
including the experiences of the user, have varying capabilities and limitations.

The tools,

It is up to the

designer to understand the theoretical premise each tool is based on and, with a design objective in
mind, apply the tool in a methodical way so that there is a reasonable assurance the generated
output is representative of “real life” possibilities.
The advantage of numerical modelling is that it allows for coalescing and evaluating a set of complex
settings, processes, designs, and decisions into a comprehensive effort. The purpose for numerical
modelling in general is threefold.
1. Modelling can be conducted to interpret a mechanism or process (e.g. to prove a hypothesis
or to “train” our thinking), or to assist with interpretation of field data;
2. Modelling can be used to evaluate the relative performance of alternate conditions; and
3. Modelling can be used for predicting a final behaviour or impact.
In general, the latter two aspects tend to be the focus of numerical modelling, when in fact the first
rationale should be the foremost use of a numerical model. For example, numerical modelling is
often dismissed as being “useless” due to a lack of predictive accuracy. However, the key advantage
to numerical modelling is the ability to enhance judgement, not the ability to enhance predictive
capabilities. In short, numerical modelling should focus on improving our ability to understand key
processes and characteristics, as opposed to enhancing predictive capability. Numerical modelling
should be undertaken at all levels of the project (e.g. data gathering, interpretation, and design), and
not just for predicting performance.
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A general objective of modelling is to obtain computed data that represents what may reasonably
happen under a specific set of conditions. Reasonableness however, should not be confused with
accuracy or reliability. A computer can be precise to the tenth decimal place but this should not imply
the prediction is accurate.
It is primarily the knowledge and skill of the user that determines if and when results are reasonable.
The most common mistake with numerical modelling is for the user to accept the results without
question, without having a fundamental understanding of the physical system being modelled, the
theoretical foundation for the model, and the limitations of the model. The most straightforward
approach to obtaining reasonable results is to follow a proven methodology.
The key components of a numerical modelling methodology are analogous to the scientific method, or
the engineering approach to solving a problem, as shown in Table 4.1.
Table 4.1
Modelling parallels to the scientific method
Scientific
Method

Engineering Approach

Modelling

Observe

Definition of the problem.

Development of the conceptual model.

Measure

What processes are occurring?

Define the theoretical model.

Explain

What does the system involve?

Obtain the numerical model (develop an
accurate solution).

Verify

Does the solution agree with
measured conditions or intuition?

Resolve the interpretive modelling results
(prove the hypothesis, does the interpretive
model represent reality, or do you need to
change your thinking?)

4.4.1

Purpose and Scope of Cover Design Modelling

The general purpose for conducting cover system design modelling is to gain an understanding for
the key processes and characteristics that will control performance. In addition, the cover system
design numerical modelling will provide the means to evaluate the conceptual or preliminary design of
a cover system for the site waste storage facilities in terms of meeting the cover system design
objectives. The cover system design and analysis would typically consist of one-dimensional soilatmosphere modelling and two-dimensional saturated-unsaturated modelling.
In general, the objectives of the one-dimensional (1D) soil-atmosphere modelling are to:
•

compare performance of alternate designs (i.e. single layer cover systems, multi-layer cover
systems, variations in layer thickness);

•

predict the net percolation of moisture to the underlying waste material; and
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•

evaluate the ability of the alternate cover systems to limit the ingress of atmospheric oxygen
to the underlying waste material.

The objective of any two-dimensional (2D) saturated-unsaturated modelling is to assess the
performance of the preferred cover system design on the side-slopes of the waste storage facility, or
to evaluate the impact of runoff and run-on and ponding on a horizontal or sloping cover system.
4.4.2

Application of the Modelling Methodology

The soil-atmosphere modelling methodology presented in this manual includes a preliminary soilatmosphere modelling stage, a detailed soil-atmosphere modelling stage, and a sensitivity soilatmosphere modelling stage. Once a cover system has been constructed, whether it is full scale or at
a test scale, field response and predictive modelling should be conducted. The following sections
summarize the objectives of the modelling stages. A more detailed discussion of the modelling
stages and some example modelling results are presented in Volume 3.
4.4.2.1

Preliminary Modelling (1D)

The preliminary modelling can be conducted to determine the proper lower boundary condition (LBC)
and thickness of the underlying waste material for use in more advanced models. The objective is to
ensure that the location and magnitude of the LBC does not influence the net percolation or oxygen
ingress predicted by the model from the cover material to the underlying waste material.
The preliminary modelling can also be used to:
•

verify fundamental processes;

•

identify limitations of the model and its application to the problem at hand;

•

develop modifications to the model to make it more suitable for the problem;

•

identify key input parameters; and

•

redefine the laboratory characterization or field characterization programme.

The initial moisture and temperature conditions for subsequent detailed modelling can also be
generated during the preliminary modelling component of the project. Successive models can be
completed using the end-of-simulation moisture and temperature conditions as the initial conditions
for a subsequent model. This approach should be repeated until the change in moisture storage
within the cover system is constant, which implies that the initial conditions of the detailed models,
while representative of site conditions, did not influence the results of the detailed models. This will
allow for a quantitative comparison between the results generated by each of the detailed soilatmosphere models.
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The preliminary modelling should also be used to determine which cover system alternatives had the
best opportunity for success, where “success” refers to the ability of the cover system to meet the
design objectives, such as reducing net percolation and oxygen ingress. This often involves varying
the thickness and layering of the available cover materials. In general, a “synthetic” average climate
year and “average” material properties for each cover material and the underlying waste are used
during the preliminary modelling stage.

The “synthetic” average climate year is obtained by

averaging each daily climate input parameter for the entire period of record. For example, rainfall on
January 1st of the synthetic average climate year would be the average of all January 1st data for each
year of the available climate record.

The objective is to “smooth” the modelling process by

eliminating high rainfall and other extreme climate conditions such that numerical instability and water
balance modelling problems are greatly minimized.
4.4.2.2

Detailed Modelling (1D)

The objective of the detailed modelling stage is to determine the most reasonable or “average”
predicted performance of the cover system with respect to net percolation and oxygen ingress, which
would then be used as input to seepage and/or groundwater models. Determining the average
performance can seem like a simple task. For example, the climate year that is close to the average
annual precipitation could be chosen to predict the average net percolation from the cover system.
However, a word of caution is required with respect to utilizing this approach. The net percolation
predicted from the mean or median rainfall record for a given site may not be representative of the
long-term “average” performance of a cover system.

The magnitude and occurrence of various

rainfall events throughout the year, coupled with antecedent moisture conditions, plays a major role in
the computation of the net percolation through a cover system. Therefore, evaluating long-term
“average” cover system performance using the mean climate year may in fact result in a predicted net
percolation that is not representative of the “average” net percolation.
The long-term “average” performance of a cover system should be determined from a statistical
analysis of the net percolation predicted for each year of the climate record. The latter methodology
accounts for the impact of antecedent moisture conditions, as well as the occurrence and intensity of
daily rainfall when determining the long-term “average” net percolation.
Another benefit to the statistical approach is the ability to develop a statistical basis for extreme dry
and extreme wet climate years. As with determining the average year, it is fundamentally incorrect to
simply model the wettest year on record. That particular year may be the wettest year because of
one or possibly two significant short duration high frequency rainfall events. Runoff during these
events is significant, which may result in a misrepresentation of a more representative extreme
climate condition. Determining the net percolation for each year of record provides the necessary
data for calculating net percolation values for different return periods, which can then be used for
seepage and groundwater modelling. The same process can also be used for oxygen ingress.
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4.4.2.3

Sensitivity Modelling (1D)

A sensitivity analysis with respect to material properties and climate conditions should be conducted
on the most promising alternative(s) to confirm performance for various scenarios. The sensitivity
analysis will also allow for the development of an understanding of the impact on performance due to:
•

extreme climate conditions;

•

long-term climate changes; and

•

changes with in situ conditions and material properties due to biological, physical, and
chemical processes, which will impact on long-term performance.

4.4.2.4

Two-Dimensional Modelling (2D)

One-dimensional modelling has limitations for simulating sloping surfaces and associated runoff and
run-on, ponding, as well as lateral and preferential flow. Sloping surfaces are characteristic of waste
rock surfaces, heap leach piles, and tailings dam walls as a result of construction methods and
placement configurations. A hummocky cover placement also creates a sloping surface that is not
well represented by a 1D model. Volume 2 – Theory and Background discusses preferential flow in
greater detail.
The objectives of two-dimensional modelling are to examine the impact of sloping surfaces on the
flow patterns of infiltration for changing cover materials and material thickness. Two-dimensional
modelling consists of both steady-state and transient analyses. The objective is to ensure that the
impact of the slope angle, slope length, properties of the cover and waste materials, as well as site
specific climate conditions are properly addressed to ensure that the cover system has not been
designed as a 1D system, and placed into a 2D condition. The design of a cover system as a 1D
system, which is then placed on a sloping surface in a humid or semi-humid climate, often leads to a
“fatal flaw” with respect to in situ hydraulic performance (i.e. control of net percolation and/or oxygen
ingress).

4.5

Landform / Landscape Engineering

The scope of this manual is limited to cover system design, construction, and performance
monitoring. However, it should be noted that a key component of long-term performance is the
development of a sustainable landform that addresses issues such as surface water hydrology,
watershed management, erosion, vegetation, and other aspects of landscape engineering. This area
of mine closure planning is an emerging technology, which has received greater attention in the past
at sites located in Australia, but is now being seen as a critical closure planning issue at many sites in
Canada.
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In general, the issues typically associated with landform / landscape engineering are not within the
scope of this document, although the issues are addressed conceptually in Sections 6 and 7. For
additional details and information the reader is referred to (Evans, 1997; Hancock et al., 2000;
Hancock et al., 2002; Hancock et al., 2003 (in press); Hancock, 2003 (in press); McKenna, 2002;
Willgoose, 1994 and 1995; Willgoose and Riley, 1993; Willgoose et al., 1989). Further information on
vegetation in cover design can be found in MEND 2.24.1.
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5

FIELD PERFORMANCE MONITORING

Direct measurement of field performance is the state-of-the-art methodology for measuring
performance of a cover system. Field performance monitoring can be implemented during the design
stage with test cover plots (e.g. Aubertin et al., 1997a; O’Kane et al., 1998a, 1998b), or following
construction of the full-scale cover (e.g. MEND 2.22.4a,b; O’Kane et al., 1998c). Direct measurement
of field performance of a cover system is the best method for demonstrating to regulatory agencies
and the public that the cover system will perform as designed.

The main objectives of field

performance monitoring are to:
•

Obtain a water balance for the site;

•

Obtain an accurate set of field data to calibrate a numerical model;

•

Develop confidence with all stakeholders with respect to cover system performance; and

•

Develop an understanding for key characteristics and processes that control performance.

The desired field performance monitoring system should include monitoring of the various
components of the water balance that influence the performance of a cover system.

These

components are shown schematically in Figure 5.1. MEND (2000) provides a detailed overview of
field performance monitoring for cover systems.
In terms of a research scale, or a field test plot trial scale, cover system field performance monitoring
systems should be designed to measure most of the components of the water balance as well as
oxygen ingress rates, as shown schematically in Figure 5.1. This includes meteorological monitoring,
monitoring of moisture storage changes, and monitoring of net percolation, surface runoff, erosion,
and vegetation.
In terms of field performance monitoring for a full-scale cover system, a recommended minimum level
of monitoring would include meteorological monitoring (i.e. determination of the potential
evaporation), site specific precipitation, cover material moisture storage changes, watershed or
catchment area surface runoff, vegetation, and erosion.
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Figure 5.1

Conceptual schematic of the components of a field performance monitoring system.

Table 5.1 lists typical methods of measurement for the various components of a field performance
monitoring system. Methods for measuring precipitation, actual evapotranspiration, in situ moisture
conditions (moisture content and soil suction), net percolation, and surface runoff / erosion are
discussed in Volume 4. The majority of the information provided below is taken from Ayres (1998)
and O’Kane (1996).
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Table 5.1
Typical methods of measurement for the components of a field performance monitoring system.
Parameter Measured
Precipitation

Actual evapotranspiration

Moisture content

Negative pore-water
pressure (or soil suction)

Positive pore-water pressure

Net percolation
Temperature
Oxygen

5.1

Typical Method(s) of Measurement
•

Tipping bucket rain gauge (for rainfall)

•

All-season precipitation gauge (for snowfall)

•

Snow survey (depth and density of snowpack)

•

Bowen ratio energy balance (BREB)

•

Weighing lysimeter

•

Eddy covariance

•

Time domain reflectometry (TDR)

•

Frequency domain reflectometry (FDR)

•

Electrical capacitance sensor

•

Neutron moisture probe

•

Thermal conductivity sensor

•

Tensiometer

•

Gypsum block

•

Standpipe piezometer

•

Pneumatic piezometer

•

Electric piezometer

•

Lysimeter

•

Suction sensor gradients

•

Thermocouple

•

Thermistor

•

Oxygen analyser (with sampling ports)

•

Oxygen consumption test

•

Oxygen flux meter

Data Management and Interpretation

The most important task following installation of a field performance monitoring system is the
dissemination of field data in a concise format to interested parties. It is recommended that three
levels of data management be conducted to achieve this objective.
1) Monthly Data Collection: Field data should be collected from an automated data acquisition
system (DAS) on a monthly basis. Routine maintenance would also be conducted at this time on
each of the monitoring systems.

Manual measurements required for monitoring should be

conducted as required or on a monthly basis. The data from each of the monitoring sites should
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then be evaluated as a whole, as well as for each individual sensor, to ensure that all DASs and
individual sensors are functioning properly and responding to atmospheric forcing as anticipated.
This monthly effort is utilized to address a common mistake with respect to field performance
monitoring systems. That is, if field data is not reduced and quality control checks not performed
until an extended period has elapsed, the potential exists that a malfunctioning sensor (or
sensors) will not be discovered. The potential result is that key field data will be lost, even though
a significant financial commitment has been made to obtain the field data.
2) Quarterly Field Performance Monitoring Reports: It is also recommended that field performance
monitoring reports be prepared on a quarterly basis for at least the first two years of monitoring.
These reports would typically include:
•

A summary of data capture rates and an evaluation of individual sensors;

•

Presentation of the field data in a concise format;

•

A discussion and summary of performance for each monitoring site, which would focus on the
quarterly monitoring period; and

•

Recommended maintenance.

As field performance monitoring extends past the first two to three years, and an understanding
for the system is developed, the frequency of the field performance monitoring can be adjusted to
reflect the information requirements for long term field performance monitoring.

At no point

should the monthly quality control checks and maintenance be discontinued if the site plans to
continue to utilize the data for future analysis and interpretation.

Long term performance

monitoring, such as the 17 years of monitoring at Rum Jungle, has shown that a commitment to
data collection is critical factor in verifying the performance of a cover system.
3) Annual Field Performance Monitoring Reports: The annual field performance monitoring report
would represent the fourth quarterly report in a given annual monitoring period. This report would
be organized as noted above for the quarterly performance monitoring reports. However, the
discussion and summary would focus on the entire year of field data. In addition, a more detailed
set of field data would be presented.
Ideally, a computer database should be developed to manage the field data obtained from a cover
system performance monitoring system. This software would typically be available to all individuals
requiring access to the field data. The database would be designed to respond to queries selected by
the user, which are a reflection of the individual’s needs. For example, the user may query for
moisture conditions at a specific location and depth over a range of dates, and then overlay the
resulting information with related influential factors such as precipitation.

This data could be

presented in a tabular or chart format. The user could then export the data or chart to an alternate
software package as required.
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6

CONSTRUCTION ISSUES

There are many issues pertaining to cover construction that are fundamental to long term cover
performance, many of which are atypical when compared to other types of construction.

It is

fundamental that the cover system is constructed with good quality control to ensure that the
completed cover system is representative of the actual cover design.

The impact of improper

construction of a cover system, or poor quality assurance and control during construction, can have a
significant, if not dominant influence on cover system longevity.

It can be argued that poor

construction of a cover system is the most important factor negatively influencing long-term cover
system performance.
For example, the thickness of a growth medium overlying a compacted layer may be appropriately
designed and specified. However, if it is not constructed to the proper specifications, then significant
potential exists for the saturated hydraulic conductivity of an underlying compacted layer to increase,
which would result in a reduction in the long-term performance of the cover system.
The following is a summary of construction issues that should be considered prior to constructing the
cover system. Construction issues vary with each individual mine site depending on the local climate,
the materials being used, the equipment available, and many other factors. The following discussion
highlights some, but definitely not all, construction issues relating to cover placement.

6.1

Growth Material Layer Thickness

Often in the design and construction of a compacted barrier layer – growth medium cover system, the
focus of the design is on the compacted barrier layer. Considerable attention is paid to the placement
of the compacted layer, ensuring proper water content and compaction to produce a low hydraulic
conductivity material.

Less attention is typically paid to the growth medium layer.

The growth

medium layer serves as a means of integrating the cover system into the ecosystem that will
establish at the site while allowing the underlying compacted layer to “withstand” physical processes,
such as wet / dry cycling and freeze / thaw cycling, as well as chemical and biological processes. An
inadequate growth medium layer has the potential to lead to improper integration of the cover system
into the eco-setting, which will then result in changes in performance to the underlying barrier layer.
Concurrent to these considerations is that the growth medium must possess sufficient available water
holding capacity to ensure a sustainable vegetation cover, which would be a function of the sitespecific climate conditions, the underlying compacted material, as well as the moisture retention and
thickness of the growth medium.

6.2

Cover Layer Compaction Issues

It is common for cover systems to incorporate a compacted layer or require compaction of the
materials as they are placed. Even store-and-release cover layers, although not designed as a
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“barrier” to flow, require care during placement to obtain the desired homogeneity, porosity, hydraulic
conductivity, and control for minimizing segregation. Successful construction of the compacted layer
of a cover system involves many factors including: selection of materials; assessment of chemical
compatibility; determination of construction methodology; analysis of slope stability and bearing
capacity; evaluation of subsidence; consideration for environmental factors; and development and
execution of a construction quality assurance and control plan. In general, the rationale behind
including a compacted layer in a cover system is to create a layer of material with a sufficiently low
hydraulic conductivity (to control net percolation), and appropriate moisture retention characteristics
(to control oxygen ingress).

The key factors that affect the hydraulic material properties of an

engineered compacted material are the density and moisture content. The relationship between
density and moisture content can be determined from the compaction characteristics of the material.
6.2.1

Compaction Characteristics

The moulding water content and the dry density are the two key parameters that must be controlled
during material placement and compaction, assuming that the required material is being used for
construction and the underlying surface has been prepared properly. A compaction (or Proctor) test
is conducted in the laboratory to develop a compaction curve for a given material, which is a plot of
dry density versus water content. The moulding water content is the water content at which the soil
matrix is compacted. Small amounts of water reduce the negative pore fluid pressures, and reduce
the effective stress, which enables the soil to be more tightly packed. The addition of an increased
amount of water eventually creates positive pore pressures, thus decreasing effective stress and
limiting the achievable density at a particular level of compaction. A relationship between dry density
and moulding moisture content can be developed, as shown in Figure 6.1a, if the unit weight of water
is subtracted from the total unit weight. Figure 6.1a shows that for a particular level of compaction
effort there is a maximum level of dry density that can be obtained. The moulding water content
providing this optimum or maximum level of density is referred to as the optimum moulding water
content (OMC).
To simplify the discussion, a modified Proctor curve is discussed for a generic clay cover material.
The modified proctor and hydraulic conductivity curves versus moulding water content are the result
of compacting six different portions (sub-samples) of a sample over a range of water contents. Each
of the six sub-samples are indicated in Figures 6.1a and 6.1b. Sub-sample 1 represents the driest
and sub-sample 6 the wettest moulding water content. Sub-sample 3 has the greatest dry unit
density and thus represents the OMC. The greatest degree of significance presented in Figures 6.1a
and 6.1b is the relationship between hydraulic conductivity, dry unit density, and moulding water
content.
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Figure 6.1

Conceptual relationship of compaction curves, as related to density, moulding water
content, and hydraulic conductivity. Figure 6.1a illustrates the relationship between
the dry unit density and moulding water content. Figure 6.1b correlates the obtained
densities to the associated hydraulic conductivity (after Daniel and Wu, 1993).
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Two laboratory compaction tests are generally recognized as being standard: the Standard Proctor
test (ASTM, 1991a) and the Modified Proctor test (ASTM, 1991b).

The Standard Proctor test
3

introduces compaction energy into the soil of approximately 600 kN-m/m , while the compactive effort
of the Modified Proctor test is almost five times greater than the Standard Proctor compaction energy
(approximately 2,700 kN-m/m3).
The maximum density to which a soil can be compacted for a given energy level (compaction effort)
is largely dependent on the fabric component of its structure, which in the case of typical materials
used for compaction, is the arrangement of clay particles. Soils compacted dry of optimum are
considered to have a flocculated structure, whereas compaction wet of optimum results in a
dispersed-orientated structure. Flocculated structures are more open and resist compaction to a
greater degree, due to the edge to face particle orientation, which results in higher hydraulic
conductivities as shown in Figures 6.1a and 6.1b.
Sub-samples 2 and 4 are compacted to the same density but at different moulding water contents, as
shown in Figure 6.1a. The measured hydraulic conductivities for sub-samples 2 and 4 are then
plotted in Figure 6.1b. It is clear that the hydraulic conductivity of the two sub-samples is significantly
different, with sub-sample 4 (compacted wet of optimum) having the significantly lower hydraulic
conductivity.

This relationship can also be seen with the samples compacted at standard and

reduced Proctor compactive effort.
The recommended method to establish appropriate levels of acceptance is to measure the
parameters of interest, and then relate those parameters to water content and dry unit weight. The
key parameter for most cover systems that include a compacted layer is the saturated hydraulic
conductivity, thus great attention is focused on ensuring that low hydraulic conductivity is achieved.
(See Volume 3 for details on saturated hydraulic conductivity measurement methods). In general, if
the appropriate hydraulic conductivity is achieved, the desired moisture retention characteristics are
also achievable, although this would need to be confirmed on a site specific basis.
From a construction standpoint, the workability of equipment is of great concern and limits the amount
of water that can be applied to the cover material to be compacted. As the water content increases
the energy needed to obtain the desired densities decreases, however, the shear strength of the
cover material also decreases.
For design purposes, it is recommended to use laboratory tests for which the method of compaction
closely matches the method of field compaction. For example, it does not make sense to use the
modified laboratory compaction curve if equipment is not available to generate a similar level of
energy in the field. Conversely, if the moulding water content is too high to achieve acceptable shear
strengths to support the equipment, then the reduced Proctor laboratory curve should not be used.
However, even if the method of laboratory compaction could be made to match the field compaction,
the compactive effort in the field is impossible to determine in advance and will likely vary from point
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to point. Hence, it is generally recommended that field compaction conditions are not evaluated
based on a single laboratory compaction curve but rather should be evaluated on in situ field
compaction conditions. The recommended procedure consists of three compaction curves, modified,
standard, and reduced proctor, as shown in Figure 6.1a. The compaction curves would then be
evaluated on the bases of hydraulic conductivity and shear strength to determine the acceptable
moisture and dry densities for field compaction.

Figure 6.2 illustrates the relationship between

hydraulic conductivity shear strength, and moulding water content.

Zone of Acceptable
Hydraulic Conductivity and
Strength

Hydraulic Conductivity

Dry Unit Weight

1.0E-8 cm/sec

1.0E-7 cm/sec

1.0E-6 cm/sec

Zero Air Voids

200 kPa
100 kPa
Strength Criteria

50 kPa

Standard Proctor

Molding Water Content

Figure 6.2

6.2.2

Conceptual illustration of the relationship between the moulding water content, dry
unit weight, and shear strength (based on shear strength and hydraulic conductivity a
zone of acceptable compaction field compaction is determined) (after Daniel and Wu,
1993).

Special Note on Residual Soils

It is well known that oven drying affects the properties of soils, with residual soils being impacted to a
greater degree than transported soils. Drying can cause partial or complete dehydration of clay
minerals, which can change the clay mineralogy and irreversibly change the material’s geotechnical
properties (Fourie, 1997). Even air-drying at ambient temperatures can cause changes that cannot
be reversed by re-wetting. Therefore, it is important to preserve the in situ moisture content of the
soils prior to completing the laboratory testing to ensure accurate and defensible results.
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6.2.3

Field Compaction Trials

Field compaction trials are important as an initial component of the construction programme. The
compaction trials are primarily done to ensure that the two important elements--density and moisture
content--are obtainable throughout construction. The trials are also helpful to optimize the equipment
selected for construction and to identify unforeseen construction issues.
Generally, field trials consist of test pads constructed on both a horizontal and sloping area. This is
important to evaluate the variations in density obtained with compaction equipment when operating
on a level or sloping surface. Sometimes, different materials (such as clays) are evaluated at this
stage to determine the optimum material based on compaction characteristics. Each test pad is
divided into sections where each section is placed at a different moulding water content (e.g. 1% dry,
1% wet and 2% wet of optimum). Compacting each section of the test pad at varying moulding water
contents allows for:
•

Creation of a database for instrument calibration; (i.e. the instrument intended for conducting
quality assurance and control during construction);

•

Measurement of field compaction characteristics (density versus moisture content) for each
material;

•

Evaluation of the selected field compaction equipment; and

•

Provision of full-scale production compaction criteria.

Accurate measurements of the in situ density and moisture content of the cover layers are critical for
quality control during cover construction. A benefit of conducting field compaction trials is it allows
the calibration of instruments in the field, especially those that measure density and moisture content
indirectly such as the nuclear density gauge. Proper calibration of a nuclear density gauge to the
materials at a particular site is critical to achieving the appropriate level of quality assurance and
control.

Volumetric moisture content measurements are obtained by counting the number of

thermalized neutrons from a 241:Beryllium source, which is determined by the hydrogen atoms in the
soil. The gravimetric moisture content is then calculated by the gauge based on the measured
in situ volumetric moisture content. Neutrons emitted by the source penetrate the material and are
thermalized (or slowed). Thermalization is the process that describes the neutrons slowing to a point
where further collisions with hydrogen atoms or other materials will not continue to slow the neutrons.
In most soils there are compounds other than water that contain hydrogen, as well as other
compounds that absorb neutrons. The result will be a backscatter reading that is not representative
of the “true” or “actual” in situ volumetric moisture content. However, for homogeneous materials
typically used for compacted layers, the sources of neutron interference should be uniform throughout
the layer. Therefore, it can be assumed that even though the moisture contents obtained with a
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nuclear density gauge may not be accurate they have a high degree of precision. This provides the
opportunity for field calibration of the nuclear density gauge during compaction field trials.
Measurements from a nuclear density gauge (i.e. moisture content and density) will be influenced by
numerous conditions inherent to particular conditions at a site (e.g. clay and rock mineralogy, particle
size distribution, pore-water chemistry).

Utilizing a factory, or “default” calibration, or a field

calibration completed for another site, can lead to incorrect field measurements of density and
moisture content, and hence placement of the material at conditions which do not reflect the design
specifications. For example, if the nuclear density gauge is not properly calibrated and is reading
moisture conditions to be higher than the actual moisture conditions, then a compacted layer would
be constructed at the incorrect moisture content. The result would be critical to performance because
compacting a fine-textured material at the OMC, or just slightly dry of the OMC can result in a
saturated hydraulic conductivity orders of magnitude higher than if the material were compacted wet
of the OMC (e.g. Samples 2 and 4 shown in Figure 6.1b).
To calibrate the density measurements from the nuclear density gauge, the sand-cone method is
often used. The sand-cone method is a multi-step procedure that is more time consuming than the
nuclear density method, but has proven accuracy. The soil sample excavated using the sand-cone
method is weighed and then oven-dried to determine the gravimetric moisture content and dry
density.
Field trials provide the opportunity for the geotechnical testing firm contracted to provide quality
control during compaction to field calibrate the nuclear density gauge. This should not preclude
continued collection of physical gravimetric moisture content samples during full-scale cover
construction.
6.2.4

Compaction Equipment

Many factors influence the choice of compaction equipment.

The choice may be based on the

bearing capacity of the underlying material, the contractor’s previous experience, the type of soil, or
by method specifications. Other important considerations are: the traction characteristics, the stability
on sloped surfaces, and how well a machine will conform to the hauling and spreading operation.
There is no single compactor that will satisfy all requirements for all sites, each compactor type has a
material type and operating range on which it is most economical. Compaction equipment types are
summarized in the following:
•

Tamping Foot Compactors – Tamping foot compactors are high speed, self-propelled, nonvibratory rollers. They usually have four steel padded wheels and are equipped with a dozer
blade. Their pads are tapered with an oval or rectangular face. Tamping foot compactors
compact from the bottom of the lift to the top like a sheepsfoot, but because the pads are
tapered, the pads can “walk out” of the lift without fluffing the soil. Therefore, the top of the lift
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is also being compacted and the surface is relatively smooth and sealed. Tamping foot
compactors are capable of speeds in the 24 – 32 km/hr (15 – 20 mph) range; hence, they
develop all four forces of compaction: pressure, impact, vibration, and manipulation. This
increases their compaction ability as well as their production. Generally, two to three passes
will achieve desired densities in 0.2 to 0.3 m lifts, although four passes may be needed in
poorly graded plastic silt or very fine clay.
•

Vibratory Compactors – Vibratory compactors work on the principle of particle rearrangement
to decrease voids and increase density. They come in two types: smooth drum and padded
drum.

Smooth drum vibratory compactors generate three compactive forces: pressure,

impact, and vibration and are used mostly in granular materials (large rocks to fine sand) or
semi-cohesive soils with up to 10% cohesive soil content. Padded drum units generate all
four forces of compaction and can be used on a larger range of materials including soils with
up to 50% cohesive material and a greater percentage of fines. Compaction is assumed to
be uniform throughout the lift during vibratory compaction.

The density achieved using

vibratory compactors is a function of the frequency of the drum hitting the ground (blows) as
well as the force of each blow and the time period over which the blows are applied. The
frequency/time relationship accounts for slower working speeds on vibratory compactors,
typically 3 – 6 km/hr (2 – 4 mph).
6.2.5

Quality Control During Full-Scale Construction

The most common practice for evaluating the compaction effort in the field during full-scale
construction involves the use of a nuclear density gauge. Note the requirements for field calibration
of the nuclear density gauge, as outlined in Section 6.2.3. In general, 25 × 25 m grid spacing is
projected across the entire surface area of the area to be compacted. All junctions of the grid lines
(i.e. every 25 m in all directions) are measured for the required compaction criteria. It should be
noted however that this grid spacing must be continuously altered to ensure the contractor is kept
unaware of where the quality control testing will actually be conducted. Any locations not meeting
the required compaction criteria must be re-compacted to meet the criteria.

In the event that

continuous compaction efforts fail, a new field Proctor curve must be developed. The frequent
failure of compaction efforts is typically a sign of a heterogeneous material or most likely inadequate
mixing of moisture into the soil matrix.
In addition to density and moisture content testing, it is recommended that tension infiltrometer
and / or single ring infiltrometer testing be conducted to determine the field hydraulic conductivity
achieved after compaction on each lift. The number of tests would likely be less than that required
using the nuclear density gauge, but should be sufficient to develop a statistical evaluation of field
hydraulic conductivity conditions.
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It is fundamental that the geotechnical testing firm contracted for a project be completely
independent from the contractor.

6.3

Material Placement

A number of construction issues relate to material placement. As mentioned in the previous section,
material for compacted layers must be placed in lifts to obtain the desired compaction characteristics
and hydraulic conductivity. Other layers may not require compaction, such as growth medium layers
or store-and-release cover layers, but it is critical to avoid segregation in these layers that can lead to
the creation of preferential flow paths.
Compacted layers are typically placed in lifts of 0.2 – 0.3 m. The material is typically placed wet of
optimum and should not be left exposed for any extended time frame once compacted.

The

compacted material may require ripping, re-moisture conditioning, and re-compaction if this occurs,
thus adding significant cost to cover construction.
Non-compacted layers, such as growth medium layers and store-and-release layers, can be placed in
a single lift. Despite the perceived simplicity of placing non-compacted layers, these layers pose
equally complex placement issues to compacted layers. Non-compacted layers are often run-of-mine
materials, ideally well-graded, but not always so. Segregation often occurs in these layers due to
haul truck placement where the material is dumped from an advancing tip head. Angle of repose
coarse layers form, which act as preferential flow paths with flow and storage characteristics different
from the rest of the cover layer.
segregation.

Care must be taken when placing cover materials to avoid

Following cover placement, the material may have to be mixed to ensure that a

homogeneous layer has been created.
Depending on the material being placed, the waste material being covered, and the climate of the
site, the equipment used for material placement can play an important role. Some fine-textured
materials can be placed hydraulically, or using cyclones, which can reduce the cost of placement
although segregation may be an issue.

6.4

Potential Cover Material Borrow Area(s)

There are several issues pertaining to the location and subsequent transport of borrow material. As
discussed in the section on evaluating potential cover materials, the borrow material must suit the
requirements for the cover design and be available in sufficient volume. The potential cover material
borrow areas must be determined to be in sufficient proximity for economical hauling costs, and
equipment must be able to access the site. A detailed definition of the borrow area is also important.
If a detailed definition is not completed, earth-moving contractors bidding on the project may view the
lack of definition as a potential problem, thus bidding at a higher rate than would otherwise be
required. Alternatively, a contractor who does not recognize the risk may encounter the problem, with
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the resulting variation in cost increasing the cost of implementing the closure plan. In short, the
investment in completely defining the borrow area will reduce construction issues and construction
costs.

6.5

Construction Schedule

The best time for cover construction is a function of the type of waste material, the type of cover
material to be placed, and the type of climate at the mine site. Materials such as tailings may require
frozen conditions for cover placement (MEND 2.22.4a), whereas in extreme wet-dry climate, the dry
season may be best.
The compacted layer of the cover system will likely need to be placed during the dry season in wetdry climates because of the strict control required on compaction moisture conditions.

Prior to

construction, a complete picture of anticipated borrow material moisture conditions should be
developed to better understand the requirements for moisture conditioning the compacted materials.
The near surface material preparation specified in the preferred cover system design must be in place
prior to the onset of the wet season in wet-dry climates. It is critical to the initial post-construction
performance during the first wet season that this treatment is undertaken. The consequence of not
ensuring the construction schedule accounts for this key aspect of the cover system will be potentially
significant erosion, and associated mass loss, as well as development of gullies and rills. Significant
construction costs can potentially be wasted if this surface treatment is not completed on all cover
material surfaces before any wet season.

6.6

Landform Shaping

The preferred landform should be shaped with material from cutting and filling the in situ waste
material. Proposed slope gradients, side slope configurations, and top of swales and troughs are
critical to long-term performance. Survey QA/QC is required at all times during construction. A final
survey of the shaped landform prior to cover material placement must be obtained prior to material
placement. This is required to generate the necessary information for quality assurance and control
during placement of the overlying compacted and non-compacted layers.

6.7

Riprap Material

Expensive problems can develop due to uncertainty or misunderstanding about the acceptability of
stone or of a stone source for use as a riprap material. The wording of a specification, if incorrectly
developed, can be construed to meet approval of material subsequently found to be inferior.
Decisions in construction claims tend to show that a large burden rests on the civil engineering staff
to clearly define the limitations of materials. The contractor quality control programme, particularly its
reporting function, can constitute a weakness or strength during construction.
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A quality assurance (QA) programme is the principle methodology for minimizing problems during
construction with rock material. Ineffective inspection will also lead to construction and performance
problems. For example, a load of stone may be recognized as deficient in stone size and gradation,
but the inspector is reluctant to reject it because it requires returning the material to the source at the
expense of the supplier. Sufficient provisions for QA staffing at the quarry or borrow area will largely
preclude instances of poor judgment. Periodic surveillance and evaluation by operations personnel of
a project can identify time-dependent degradation of stone before the project is adversely impacted.
The diversities in climate and physical exposures in different regions of the world make suitable, and
narrow, standards of stone quality impossible to specify on a global basis. However, this hindrance
must not reduce the importance of ensuring the required riprap material quality. In general, the
selected material must be adequate to ensure performance in the environment it is situated. The
material should be durable, sound, and free from detrimental cracks, seams, and other defects which
tend to increase deterioration from natural causes or, which cause breakage during handling and
placing. Stones should be resistant to localized weathering and disintegration from environmental
effects. The acceptability of stone material should be based on selected laboratory tests as well as
visual inspection and service records. Cracks, veinlets, seams, and overt deterioration are mostly
revealed by visual inspection. Documented service records are ideal for quantifying stone quality
through performance in the recent past and under similar usage.

6.8

Installation of the Performance Monitoring System

As discussed in Section 5, a cover system performance monitoring system is required to verify the
predicted performance. Significant cost saving and feasibility can be realized if components of the
performance monitoring system are installed during construction.

For example, tank lysimeters,

required to monitor net percolation across the cover layer-waste material interface, are much simpler
to install prior to cover material placement.

However, care must be taken not to damage the

monitoring equipment during construction.
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7

VEGETATION

Vegetation is a primary component of cover systems providing two key functions: 1) to encourage
transpiration and minimize seepage; and 2) to help stabilize the soil surface thereby controlling
erosion. Vegetation can play a significant role in the performance of the cover system and be a
monitoring tool as the system evolves. In addition, vegetation is an important consideration in the
indication of the development of a sustainable cover system. This section is not meant to be an
exhaustive vegetation manual but to outline the purpose and fundamental guidelines for establishing
soil cover vegetation. Much of this section is a summary of the information presented in MEND
2.24.1 – Manual of Methods used in the Revegetation of Reactive Sulphide Tailings.

A list of

references is provided for further information on vegetation strategies.
A revegetation plan generally involves the following factors:

7.1

•

Site evaluation;

•

Vegetation selection;

•

Mulches, chemical stabilizers and other amendments; and

•

Establishing vegetation.

Site Evaluation

In general, the site evaluation for revegetation occurs in conjunction with the site evaluation for the
cover system design. Similar factors are required, such as climate, physical and chemical properties
of the available soils, and the properties of the waste materials. All of these factors dictate which
vegetation cover and species types are best suited for the cover system.

The climate factors

particularly important for vegetation are the temperature, precipitation and wind. The physical and
chemical properties of the soil are also critical since such factors as the nutrient availability, cation
exchange capacity, pH, and salinity can impact the ability of many plant species to survive. The
primary nutrients, such as nitrogen, phosphorus, and potassium are required in fairly high amounts.
The secondary nutrients, such as magnesium, calcium, and sulphur are required, but in lower
amounts. Trace elements are also required; however, trace elements can be toxic if they occur in too
high a concentration.

7.2

Vegetation Selection

Once the site evaluation has been completed, the revegetation program is planned. This aspect is
analogous to the preliminary cover system design phase. As for a cover system design, a preliminary
design is developed, and then tested to determine viability. The first step in the vegetation program is
to select the appropriate vegetation.
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The choice of vegetation is dependent on three factors:
1. The choice of species adapted to the site;
2. The choice of the correct method of establishing the species/mixture; and
3. The correct maintenance during the establishment year and in ensuing years.
The objective in species selection for the revegetation of any stressed or waste area is to provide for
the establishment of the initial plant communities using available species which are tolerant of
drought, low soil pH, low nutrient availability, the lack of organic matter, and any salt or metal loading
that may emerge from the waste material. At the same time, these species must be capable, through
the management of plant competition, to permit the evolvement of a climax community similar to
those found in the adjoining area (Peters, 1988).
The need for the vegetation of the reclaimed area to be similar to that in the surrounding natural
stands is dictated primarily to ensure plant survival under climatic conditions found in the specific site
area.

Climate in general cannot be manipulated, with the exception of the modification of the

microclimatic conditions around each plant. This modification is achieved by the use of companion
crops or other shields to provide shade, reduce wind velocity, reduce water evaporation from the
substrate, etc.
Another important factor in species selection is the use of native versus non-native or “exotic”
species. For remediation purposes, it is preferred to use a mixture of locally adapted native species
because of high tolerance to the climate conditions of the area, and as well, these species would not
be invasive to the natural surrounding ecosystem. A mixture of native species should be used, as it
would provide continuous protection through periods where particular species may be affected
(Hauser et al. 2001 and EPA 2003).
The principle drawback of using native species is securing a source of sufficient seed. The high
labour intensive practice involved in gathering seed from sparse or scattered plant populations make
it extremely difficult to obtain enough seed for large-scale reclamation.
The observation and establishment of an inventory of the indigenous species growing under the
natural conditions of soil and climate in the area around the site to be reclaimed is the first step to be
taken in determining which species can be used. This inventory will serve as a guide for selecting the
species for revegetating the site.
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7.2.1

Factors Affecting the Selection

The major factors that have a bearing on the selection of the vegetative species and variety are the
final or ultimate use of the site, as well as the adaptability of the species to the physical and chemical
conditions of the site.
Under most conditions, the purpose of vegetating cover systems is to return the site to as close as
possible to “its undisturbed condition”: a condition that would conform to the surroundings (i.e. forest
and wildlife). Here, the choice of species would be directed first towards those that would stabilize
the cover system and prevent wind and water erosion. The aesthetic appearance of the vegetation
may not be a concern, however, the species chosen should be “sustainable” and require little
maintenance.
Depending on the location of the reclamation area, it is possible that the post-closure use will be for a
park or a recreational area, or will be a wildlife preserve. Here, in addition to the ability to stabilize the
site, there will be a need for the species to provide an aesthetically pleasant appearance and/or to
withstand heavy use and/or to provide feed for wildlife. Under these conditions, low maintenance
may or may not be a major concern in the selection of species for mixtures, but the height, foliage
and flower colour will be important in addition to the ability of the species to colonize the area.
Sustainability is the capability of plant communities to establish and progress to maturation without
assistance from inputs such as nutrients, water, seeds, or seedlings by the operator. Sustainability
includes the ability of the vegetation to recover from naturally occurring disturbances such as floods
or fires at a rate similar to natural areas (Leskiw, 1998).
The best source of information on adapted species would be the recommendation lists from the local,
agricultural offices. These lists contain the names of the highest performing varieties of species
adapted to the area. Where agricultural species are not in the plan, vegetation similar to that of the
surrounding natural stands should be chosen.
7.2.2

Adaptability of Species to Site

The physical and chemical conditions of the mine waste are different from site to site. Species differ
in their ability to withstand these conditions imposed on them; thus the choice of species should be
specific for the site. This involves the selection of species based on their tolerances to the pH level
and the water content of the cover material, and potentially the underlying waste material.
Although most agricultural species will grow over a range of pH values (5.0 to 8.0), optimum growth
occurs for most species at a pH near neutral (pH 6.8 – 7.0).

As the pH values approach the

extremes, the growth of species is progressively reduced. The amount of reduction in growth varies
among species and is related to their tolerances to high and/or low concentration of minor elements
and/or the ability to survive and grow under low levels of required nutrients.
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Although all species will have a specific tolerance level to one or all of the chemical conditions
imposed by the pH value, grasses in general are adapted to a wider range of conditions than
legumes. This is due to the fact that legumes require bacteria in order to fix atmospheric nitrogen and
the bacteria require a neutral pH.
Water availability in the material is a second consideration in the selection of species. Although
species require water for growth, there is a wide variance in the efficient use of water, in their
tolerance to flooding, to high or low water levels and their tolerance of dry soils. Species vary widely
in the adaptation to these conditions.
Rate of growth is a direct function of the efficiency of water use in a particular species. Annuals and
biennials generally have higher growth rates and higher water demands than perennials, which are
slower growing and longer lasting species. Thus, under dry conditions, the use of annual grain crops
such as the cereal rye, wheat, and spring grains, may adversely affect the establishment of a longerlasting perennial species.
Plants also differ in their ability to withstand flooding and high or low water tables. For the most part,
the species that have tolerance to flooding are those that begin growth late in the spring and become
dormant early in the fall. This coincides with the periods of high water levels brought about by the
snowmelt in the spring and the high rainfall periods of the fall. Species that withstand high water
tables are those that possess shallow rooting habits such as most grass species and some legumes.
7.2.3

Vegetation Test Plots

Once a number of species or species combinations have been selected, field trial investigations can
be carried out to evaluate the vegetation growth as well as the need for soil amendments. Initial
studies can be carried out in growth rooms and greenhouses to compare amelioration rates of
agricultural limestone, pH modifiers, fertilizer requirements and the most suitable species. Further
details on typical testing methods can be found in MEND 2.24.1.
Success of a given species is usually established by comparing the above ground dry matter
production to either the adjacent native herbaceous plant communities or, more commonly, to similar
agriculturally grown crops. Root development is also observed.
Without the use of a growth room or green house, or as a secondary investigation, field trial
evaluations can be carried out. These work well in conjunction with field trials of various cover
designs. Field trials are designed to determine the effect of the natural environmental conditions, the
variation of the different plant-growth potentials over the cover surface, suitability of the agricultural
method and equipment to be used, as well as accessibility of the equipment. The program also
allows one to obtain cost projections for budgeting purposes.
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Most field trials are set up so that they are at least one width of the seeding area of the equipment
being used. The length of the field trial is designed so that the test area will encompass as many of
the surface variations evaluated in the preliminary indoor tests as possible. Every effort is made to
simulate the actual agricultural procedures envisaged necessary to complete the large scaled
reclamation by revegetation program. Additional details on vegetation field trials can be found in
MEND 2.24.1.

7.3

Mulches and Chemical Stabilizers

The moisture characteristics of the growing material as well as the topographical features of the
location most often present a serious challenge in vegetation on cover systems. The use and value
of mulches as way of increasing the success of establishing vegetation has been recognized for a
long period of time. For example, they protect the soils by shielding it from the impact of raindrops,
retard water flow and soil erosion, and increase water retention.
In the vegetation of cover systems, the use of mulch is a valuable tool, particularly on sites that are
considered dry or on locations where farm machinery cannot be easily or safely used. In some
cases, organic mulches (straw, hay) are used as a replacement for the cereal grain companion crop
on sites that have been prepared by farm machinery. In most of the inaccessible areas of a site,
organic mulches, chemical stabilizers and fertilizers have been mixed in solution with seed and
applied with success by hydroseeding.
All mulches are organic in nature and are generally classified as either long fibre or short fibre. The
most common long fibre mulches are straw and hay. The short fibre mulches are those derived from
the forest industry, such as wood fibre, bark, wood chips or sawdust, and those obtained from
industrial manufacturing processes (i.e. fibreglass).

7.4

Establishing Vegetation

The selection of the proper species and mixture is the first step in successful vegetation of sulphide
tailings areas.

A second and equally important aspect of success is the establishment of a

satisfactory stand of the plants. Involved in this procedure is the availability of machinery for tilling,
spreading fertilizer and lime, sowing the seed, preparing the area for seeding, and of the timing and
depth of planting.
The machinery available for use in many situations is farm equipment. In particular, heavy disks,
packers, fertilizer spreaders, seeders and tractors. Where farm equipment is not available, heavier
custom type machinery is used (hydroseeders, fertilizer distributors mounted on trucks, etc.).
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7.4.1

Seed Bed Preparation

The most appropriate method to ensure successful planting is to place the seed directly in the
substrate. This often requires preparation of the seed bed to facilitate easy planting. Depending on
the soil type and moisture content, harrows or disks may be sufficient, but in the case of a dry crusty
surface, the first few passes may require a bulldozer or road grader equipped with ripping teeth. The
purpose is to create a surface that is neither too soft nor too hard. Ideally, the soil should just cover
the sole of a shoe when walking on it.
7.4.2

pH Adjustment

Based on the soil properties and the species selected, the pH of the soil may require some
adjustment. This is often done using limestone, ground sufficiently fine to meet the specifications of
agricultural grade. The rate at which the limestone or other amendment should be spread will be
based on the results of the pot and field growth tests.
7.4.3

Fertilizing

Fertilizer may be required if the soil does not have sufficient nutrients to meet the needs of the
vegetation. The amount and analysis of the fertilizer required is also determined based on the pot
and field growth tests.
7.4.4

Seeding Methods

There are four basic seeding methods that have been shown to be useful in seeding cover systems:
1. The seed drill which places the seed in the soil or substrate;
2. Double corrugated roller grass (cultipacker) seeder;
3. Broadcasting which places the seed on top of the soil and requires a second operation to
cover the seed; and
4. Hydroseeding.
Each method has a definite place in the repertoire of methods, and its employment will depend on
site particular circumstances at the time of seeding. At times, facets of each procedure may be
combined partially with another of the procedures. Further information on each of these seeding
methods can be found in MEND 2.24.1.
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7.4.5

Vegetation Maintenance

Although the objective of any cover design and vegetation program is to end up with a low or zero
maintenance site, it is not always possible to do this with a “one shot” treatment. In addition to
improving the aesthetic appearance of the usually barren site with aesthetically pleasing vegetation,
the real objective is the establishment of a self-sustaining plant ecosystem.

This entails the

development of root systems, the accumulation of plant debris from successive seasons of annual
growth, and the decomposition of this organic material to recycle the accumulated nutrients.
The natural sequence of this development takes many years, and it is the objective of the vegetation
strategy to minimize this period considerably. It is recommended that provisions be made for annual,
or more frequent, inspections for the first few years after seeding. Light applications of a complete
fertilizer should be applied as required based on the results of plant analysis. Of course, any area
where the vegetation has not grown or has been damaged by repairs, winterkill, etc., should be
reseeded.

7.5

Other Resources

Further information on revegetation for cover systems can be found in Skousen and Zipper (1996),
which provides detailed descriptions of various species types as well as general guidelines for
revegetation.

Other resources include Leskiw (1998), EPA (2003), MEND 2.24.1, Hauser

et al. (2001), Cooke and Johnson (2002), and Colorado Division of Minerals and Geology (2002).
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8

SUSTAINABLE PERFORMANCE OF COVER SYSTEMS

The initial performance of a cover system will change as a result of physical, chemical, and biological
processes, and result in long-term performance, as shown in Figure 8.1. In general, state-of-the-art
models are limited to providing quantitative predictions based on some of the physical processes
listed in Figure 8.1 that affect long-term performance.

Inclusion of the biological and chemical

processes in the design phase, if they are addressed at all, is generally from a qualitative perspective.
This leads to difficulty in developing a defensible closure plan using cover systems because of the
subjectivity involved with qualitatively including these processes. However, it is essential that the
cover system design account for these processes to reduce the uncertainty associated with long-term
performance to an acceptable and defensible level.

INITIAL PERFORMANCE

Physical Processes

Chemical Processes

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

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

Biological Processes
- Bioturbation
- Root Penetration
- Burrowing Animals
- Human Intervention
- Bacterial Clogging
- Vegetation Succession

LONG-TERM PERFORMANCE
Figure 8.1

Conceptual illustration of processes affecting long-term performance (INAP, 2002)

Examination of the physical, chemical, and biological processes shown in Figure 8.1 illustrates that
each could be related to the change in four key cover system performance indicators; namely, the
saturated hydraulic conductivity and moisture retention characteristics of the cover materials, the
ingress of atmospheric oxygen (through diffusion and/or advection) and the physical integrity of the
cover system (INAP, 2002). The list of processes noted in Figure 8.1, as well as additional processes
deemed important, should be used by those responsible for designing, constructing, and maintaining
cover systems to ensure that a thorough understanding is developed for those processes that could
potentially impact on long-term cover system performance. This understanding should be developed
in light of the potential changes in the four key cover performance indicators. The key is to ensure
that those processes, which are specific to a particular site, are addressed during the conceptual,
basic, and detailed stages of the design of a cover system.
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Chemical processes are more applicable to liner design rather than cover systems as covers seldom
have to defend against chemical attack. The most important factors affecting cover performance are
physical and biological processes. It should be noted however, that cover systems utilizing a layer of
material containing clay material (generally associated with a low permeability layer), will likely need
to address the potential for pore-water to “attack” the integrity of the clay mineralogical structure,
create a more dispersive material, and/or alter the hydraulic behaviour of the clay material. The poor
quality pore-water may result from oxidation products moving vertically upward (during exfiltration) as
a result of atmospheric demand for moisture (i.e. evaporation), or result from acidic seepage waters
emanating laterally from a sloping face, the toe, or a berm of a waste storage facility.

Hence,

determination of the compatibility of the clay-based cover material to the environmental setting into
which it will be placed is a key cover system design consideration.
The physical process of erosion can destroy a cover system by either washing away the fine fraction
or reducing the thickness of the cover. This has a damaging effect on the hydraulic conductivity and
the moisture retention capacity of a cover.

The impact from water and/or wind erosion can be

minimized by selecting an appropriate material for the uppermost cover layer (i.e. a well-graded,
coarse-textured material with minimal silt and clay size particles) and by establishing a vegetative
growth as soon as possible following cover placement.

In addition, the proper design and

construction of a surface water management system will reduce the effects of erosion, and minimize
the need to repair or stabilize the cover system in the future (Aziz, 2000). Poor surface water
management and landform instability are the most common factors leading to failure of cover systems
around the world.

The primary problem is attempting to build engineered structures that “fight”

natural processes, as opposed to engineered systems that are natural analogues and become part of
the surrounding ecosystem as soon as possible following implementation.
Wet-dry cycles will impact the moisture retention and saturated hydraulic conductivity of a compacted
layer designed to be a hydraulic barrier, and/or an oxygen ingress barrier. Compacted clay covers
have a high potential for drying and cracking in arid climates. The effective hydraulic conductivity of
the cover system will increase as water bypasses the soil matrix and flows through shrinkage cracks
(Bronswijk, 1991). Potential exists for cracking to occur in arid climates even with a 45 cm layer of
protective soil cover overlying the compacted layer (Daniel and Wu, 1993). It is common for one to
think of many mine sites as being located in “wet” climates and discount the potential of drying and
cracking of the compacted layer. However, the reality is that numerous mine sites are located around
the world where hot, dry summers are typical. The potential for drying and cracking exists in this
situation unless the cover system design properly addresses this factor, which will impact on the
longevity of the cover system. The importance of a properly designed overlying growth medium layer
(i.e. thickness, texture, vegetation development) cannot be overstated in terms of its influence on the
long-term performance of an underlying compacted layer.
Freeze-thaw cycles will also impact the hydraulic conductivity and moisture retention of a compacted
layer of a cover system. The greatest impact in performance will occur after the first freeze-thaw
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cycle, although potential exists for a compacted layer to continue to decrease in performance during
subsequent freeze-thaw cycles.
The functionality of each layer of the cover system has the potential to be diminished through the
workings of flora and fauna. Bioturbation and root penetration are essential, unavoidable impacts on
the longevity of a cover system and should be a key component of design. Bioturbation is the mixing
of soil by animals but can also include arboturbation (tree heave) and “stomping” by wind moving
trees. All bioturbation is regionally different and site-specific as a result of being influenced by local
ecosystems (Heinze et al., 1999). Therefore, an acceptable balance in cover system design with
respect to abiotic and biotic influences must be addressed to compensate for the potential decrease
in technical performance. It is necessary to design and install the cover system corresponding to the
future use of the area and potential natural succession of flora and fauna.
A panel discussion was held at a workshop in 2000 (MEND BC.03) on the design features,
monitoring, and resources required to maintain the performance of a cover system in the long term.
The two main topics of discussion focused on the design life of cover systems and long-term
monitoring and maintenance.

Members of the panel discussion stated that a 1,000-year cover

system design life is conceivable because man-made structures constructed over 1,000 years ago
still exist.

The panel did not reach a consensus regarding an appropriate design life for cover

systems; however, it was noted that the Canadian Nuclear Safety Commission (CNSC) requires that
discharges from a uranium waste storage facility be predicted over a 10,000 year period. Newmont
Australia (Australia’s largest gold producer) have developed closure standards at several of their
Australian operations that specify the containment structure must be designed to maintain physical
stability for a 200 to 500 year time frame.
The panel agreed that cover systems should not be viewed as a walk-away solution, but rather as a
control measure for minimizing the impacts from ARD.

Therefore, a key issue with respect to

maintenance was whether personnel would be available to conduct the maintenance, as opposed to
ensuring that adequate financial assurance would be in place to cover the maintenance costs.
Clearly there is potential for any cover system to “fail” and allow contaminated seepage to enter the
natural environment. Poorly designed cover systems can fail over a 10 to 50 year period, or even up
to 100 years after construction. Extending the life of the cover system through proper design is
possible by taking into account the factors that affect long-term performance. This effort will provide a
significant positive impact on the net present value of any contingency plan required for failure of the
cover system. The key is to prevent the cover system from failing in the short term. Rather, the
objective should be for the cover system to “fail” over geologic time, augmented by minimal
maintenance, such that the natural environment is capable of accepting the incremental “failure”.
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Additional discussion related to sustainable performance of cover systems is given in Volume 4.
Each of the processes shown in Figure 8.1 is discussed briefly, with greater detail given to the
processes of erosion, surface water management and landform evolution.
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9

CASE STUDIES

Case studies provide an invaluable resource for those involved in the design, construction and
performance monitoring of cover systems for waste rock, spent heap leach piles, and tailings.
Lessons learned at other sites allow practical improvements to be made to theoretical designs,
construction methods, and the reality of long term performance monitoring. Volume 5 of this manual
describes a number of case studies, some completed in conjunction with MEND, some completed as
part of the International Network for Acid Prevention (INAP), and others that the reader may find
useful. It is the objective of this manual to make available the most recent information on cover
systems. For this reason, the manual was organized to allow updates, particularly with respect to the
case studies volume.
The case studies provide the opportunity to understand the reason for the cover system in question to
have been successful.

However, the case studies are also presented to highlight the “lessons

learned” as a results of analyzing the field performance monitoring data generated from the various
full-scale and field trial cover systems, as opposed to simply presenting and discussing the field data.
The objective is to determine whether one would have designed the cover systems differently (or
utilized a different design methodology), if the knowledge gained through field performance
monitoring was known at the time the cover systems were designed.
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