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SUMMARY

Since January 1997, Barrick Gold Corporation’s Les Terrains Aurifères (LTA) tailings site has

been the subject of a detailed study - MEND Project 2.22.4 - aimed at assessing the

performance of a composite cover placed on the acid-generating tailings impoundment.  The

full-scale composite cover was built in the winter of 1996 on the

60-hectare site.  Alkaline tailings were used for the fine material layer.  In addition to being the

first full-scale cover of this type (e.g. oxygen barrier) in Canada (and possibly elsewhere), this

project offers the added advantage of using mine tailings, a waste product.

The main objective of this report is to describe the various phases of the LTA project, from the

initial conceptual design of the cover to the final construction and monitoring.  The theory behind

composite covers (1) and design methods (2) have already been thoroughly discussed in the

literature; the present report will, therefore, be a practical field application example of this

technology.

This report will describe initial concerns, the flow charts used in the decision process, the

laboratory work performed as well as the fundamental properties of all the materials used for

construction.  Sequence of events, construction difficulties will be presented subsequently along

with monitoring instruments used.  Analytical results outlined in this report will allow preliminary

comparison of properties observed in laboratory and in situ.  Conclusions will be formulated

and discussed to assess the applicability of this technology to other sites.  A final monitoring

report will be available in 1999.

                                                

(1)  Nicholson et al., 1989, 1991; Collin and Rasmuson, 1990; Anon, 1991; Aubertin and Chapuis, 1991;
SRK, 1991; Aachib et al., 1993; 1994; Aubertin, et al., 1995.

(2) Baccini, 1988; EPA, 1989; Bagchi, 1990; Nicholson et al., 1991; Hutchison and Ellison, 1992; Daniel,
1993; Wing, 1993, 1994; Aubertin et al., 1995; Woyshner and Yanful, 1995; Ricard and al. 1997.
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SOMMAIRE

Depuis janvier 1997, le site Les Terrains Aurifères (LTA) fait l’objet d’une étude détaillée dans

le cadre du programme NEDEM (projet 2.22.4) dans le but d’étudier la performance de la

couverture multicouche construite sur le parc à résidus potentiellement générateurs d’acide.  Il

s’agit d’un recouvrement multicouche construit à grande échelle (sur 60 hectares) à l’hiver

1996.  La couche fine utilisée est principalement composée de résidus miniers alcalins.  En plus

d’être la premier recouvrement de ce type (barrière à oxygène) à être construit au Canada (et

probablement ailleurs), ce projet présente l’avantage de revaloriser des résidus miniers.

L’objectif principal de ce rapport consiste à exposer les différents aspects requis pour mener le

projet du stade de conception à celui de produit fini et ce, en présentant les diverses étapes

réalisées lors du projet.  Les aspects théoriques du fonctionnement des couvertures

multicouches (1) ainsi que les méthodes de conception (2) ont déjà été traitées abondamment dans

la littérature.  Le présent rapport se veut plutôt un exemple pratique d’application de ce type de

technologie.

Ce rapport présente la problématique initiale, le schéma décisionnel utilisé puis décrit la

campagne exhaustive d’essais de laboratoire ainsi que les propriétés fondamentales des

matériaux qui ont été utilisés lors de la construction.  La séquence des événements et les défis

de construction seront présentés par la suite, incluant une description des instruments utilisés

pour le monitoring.  Les résultats analytiques présentés dans ce rapport permettent une

comparaison préliminaire des propriétés observées in situ avec ceux obtenus en laboratoire.

Les conclusions sont élaborées autour d’une discussion sur l’applicabilité de cette technologie

pour d’autres sites.  Un rapport de suivi du comportement (projet 2.22.4b) sera disponible en

1999.

_____________________

(1)  Nicholson et al., 1989, 1991; Collin et Rasmuson, 1990; Anon, 1991; Aubertin et Chapuis, 1991; SRK,
1991; Aachib et al., 1993; 1994; Aubertin, et al., 1995.

(2) Baccini, 1988; EPA, 1989; Bagchi, 1990; Nicholson et al., 1991; Hutchison et Ellison, 1992; Daniel,
1993; Wing, 1993, 1994; Aubertin et al., 1995; Woyshner et Yanful, 1995, Ricard et al., 1997.
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1.0 INTRODUCTION

1.1 Site Description and History

The Les Terrains Aurifères (LTA) site is located approximately 8.5 km south-east of the City of

Malartic, in northern Québec.  An underground mine, decommissioned since 1965, a mill, and a

tailings disposal facility are the main features on the property of roughly 140 hectares.  The LTA

property is owned by Barrick Gold Corporation.

The LTA tailings disposal facility is bordered to the east by the former Malartic Goldfield Mine

tailings disposal area which is currently owned by the Québec Ministry of Natural Resources

(MNR) (see Figure 1).  Originally, the Malartic Goldfield tailings area covered the present LTA

site.  The LTA site is built over the Malartic Goldfield tailings, as shown in Figure 2.  The LTA

tailings facility is bordered to the west by a sand and gravel pit (west borrow pit on Figure 1)

which also belongs to the MNR.

Historically, the site was selected due to its proximity to the mill (100 m to the south) and its

location in a natural depression thus allowing containment without significant dyke construction.

During the operating years of the Malartic Goldfield Mine (1930-1965), approximately 10 Mt

of alkaline tailings were placed on the site to an average depth

of 5 m.

The site was reopened in 1977, however, only the mill was operational and only half of the

tailings area was used.  Nearly 8.0 Mt of acid-generating tailings were produced and placed

over the Malartic Goldfield alkaline tailings (see Figure 2).  The average depth of the LTA

tailings is 12 m.  The LTA site is bordered to the north, east, and west by dykes constructed of

acid-generating tailings.  The site is bordered to the south by natural ground.  The average height

of the dykes is 15 m.
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In summary, the LTA tailings impoundment contains two chemically distinct types of tailings.  In

effect, the bottom layer (5 m thick) contains no sulphide minerals and more than 10 % calcite

(CaCO3).  Laboratory work showed that these tailings consumed more than 100 kg/t of acid.

The LTA tailings (in fact originating from Barrick's nearby Bousquet property) are sulphidic.

Extensive testing on mineralogy, acid base accounting and mineral content were carried out, and

results showed that the LTA tailings contain about 6 % sulphide sulphur of which pyrite is the

predominant sulphide mineral.  Other sulphides present in minor amounts include pyrrhotite,

chalcopyrite, sphalerite and arsenopyrite.  The net acid producing potential averages about 200

kg/t as CaCO3.

The tailings were maintained at neutral to alkaline pH up to closure in the fall of 1994, due to the

alkaline contribution of the leaching process on the deposited tailings and associated pore water.

However, these tailings have a high acid-generating potential.  They were expected to become

acid-generating in the near future and produce acidic runoff and seepage for hundreds of years.

1.2 Problems Requiring Assessment

Recognising the acidic potential of the tailings, there were a number of questions that needed to

be answered in order to develop a cost-effective closure plan for the tailings impoundment.

These questions included:

i) How much acid will be released?

ii) Over what time period?

iii) What will it cost to collect and treat?

iv) What can be done to control acid production?
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v) What are the costs of alternative closure options?

Through the use of geochemical (acid generation) modelling, as a tool to obtain predictions of

future water quality, it was possible to answer questions i) through v) above.

1.3 Geochemical Modelling

Acid mine drainage (AMD) prediction modelling was performed by Senes Consultant.  The

AMD model used is a complex model, which integrates the physical and geochemical factors

controlling acid production.  Some of the key input parameters required are mineralogy, oxygen

diffusion coefficients, particle size distribution, and the depth of the various modelled layers.

The model uses the oxygen diffusion coefficients to calculate the level of oxygen penetrating into

each layer that is available to oxidize the sulphide minerals.  The available surface area of

sulphides that can react is calculated from the particle size distribution.  The model considers the

rate of sulphide oxidation based on temperature, pH, oxygen and other conditions.  Both

chemical and biological oxidation are considered.  The geochemical reactions of sulphide

minerals, their oxidation products and the buffering minerals are evaluated, and the model

provides the resultant geochemistry of the pore water.  Chemical processes such as dissolution,

precipitation and sorption are considered.  Mass balances keep track of the aqueous and solid

species.

Water quality predictions were done for three distinct intervention scenarios :

1) Cover LTA tailings impoundment with a thin cover of borrow material (sand and
gravel) on the reprofiled contoured tailings pond surface in order to achieve basic
erosion protection/stabilization.  Final surface to be vegetated.  Collect acidic
seepage and treat with lime;
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2) Cover LTA tailings impoundment with a single cover made of alkaline tailings
coming from the adjacent MNR tailings pond; final surface to be vegetated; and

3) Cover LTA tailings impoundment with a composite cover composed of a sand and
gravel surface protection layer overlaying a layer of MNR alkaline tailings acting as
a moisture retaining layer, and a bottom layer of sand acting as a capillary break.
Final surface to be vegetated.

More details about the geochemical modelling description and assumptions can be found in

McMullen et al., 1997.

As a result of the AMD modelling, the main conclusions were:

Alternative # 1: Basic surface protection.  Bousquet tailings stored at LTA are strong acid

generators and, if left uncovered, will soon produce acidic runoff and later, net

acid seepage.  Because of the occurrence of buffering minerals in and

underneath the tailings, much of the seepage will not become acidic for about

60 years.  Anticipated copper and zinc levels, at this stage in the seepage,

have been estimated to reach a range of 40 to 50 mg/L.  A basic erosion

protection cover with vegetation will produce unacceptable levels of acidity

and metals in both the surface runoff and seepage.  As a result, untreated

release of the final effluent would have a significant impact.  The evaluation

concluded that the construction of a treatment plant for AMD neutralization

would be required in the very near future, because it is expected that some

acidic seepage will initiate in the short term, in addition to the longer term

requirements as described above.  The closure cost assessment of the tailings

area using the collect and treat scenario is inclusive of the construction of a

soil cover (assume at 0.5 m) on the regraded tailings, construction of

perimeter spillways and ditching, site revegetation, and collection pumping and

treatment in a new treatment plant for acidic seepage.
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The capital cost associated with the above, is estimated at CAN$4.28 M

(1995 dollars).  The net present value (NPV) of future operating costs

amounts to CAN$8.3 M and CAN$5.0 M at discounted rates of 3 % and

5 % respectively.  The total closure cost for this alternative has therefore a

range of CAN$12.58 M to CAN$9.28 M.

Alternative #2:Single cover made of MNR tailings.  The implementation of a

2 m alkaline simple cover (above Bousquet sulfide tailings) should eliminate

surface acid runoff and delay acidity release in seepage for 100 to 150 years.

Ultimate maximum copper and zinc levels in the seepage and ex-filtration

would be in the range of 20 to 30 mg/L.  Despite lower rates of acid

production, a treatment plant is expected to be required, but only in 100 years

when compared to Alternative #1.

The capital cost of this cover type implementation has been estimated at

CAN$5.3 M.  The NPV of future capital and operating costs amount to

CAN$0.35 M for a total of CAN$5.65 M.

Alternative #3: Composite cover.  The engineered cover would effectively eliminate any acid

releases and elevated metal discharges for several hundred years.  As a result

of the oxygen flux barrier proposed, it has been estimated that the oxidation

rates would be reduced by two orders of magnitude.  This alternative would

eliminate acid release for more than 400 years.  Copper and zinc levels would

be maintained in the seepage to less than 1 ppm.  Also, this alternative would

eliminate any need for treatment, and practically no noticeable downstream

impact on the Piché River (final effluent) should occur.
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The capital cost of the composite cover implementation has been estimated at

CAN$5.2 M.  Interestingly, the capital cost of this option compares to

Alternative #2, as the volumes of materials to be handled are comparable.

Since water quality is anticipated to be adequate, no additional future capital

and operating costs for a treatment plant are anticipated for this scenario.

1.4 Risk Analysis

Without considering long-term treatment charges, the capital cost of Alternative #3 is equivalent

to Alternative #2 but offers a much greater potential of obtaining a low maintenance walk-away

solution.  When compared to Alternative #1 (i.e. status-quo/collect and treat), the capital cost

for the recommended direct tailings reclamation activities was higher by $0.9 M (a total of

$5.2 M vs. $4.28 M).  A sensitivity analysis was conducted comparing Alternative #3 against

#1, taking into account the estimated long-term recurring treatment charges assuming that

Alternative #3 might not be as successful as originally planned.  Equivalent NPVs to Alternative

#1 were encountered if:

1) Alternative #3 delayed the ARD process by 12 years compared to the 400 years

predicted in the modelling exercise, which represented only 3 % of the expected

performance period, and assuming that treatment charges at year 13 and onwards

would be equivalent to those of Alternative #1.

2) Alternative #3 delayed the ARD process by 2 to 7 years considering that treatment

charges, when incurred, would be reduced when compared to Alternative #1 by

50 % and discounted at 5 and 8 % respectively.



February 1999 -7-

Golder Associés

3) Considering an additional capital cost of $1.0 M to Alternative #3, it would delay the

ARD process by 18 to 20 years, assuming treatment charges at 100 % of

Alternative # 1 using a discount rate of 5 and 8 % respectively.

In conclusion, Alternative #3 requires no long-term treatment while Alternative #1 requires

$8.3 M (discounted at 3 %) of future expenditures.  Alternative #2 (which uses strictly MNR

tailings), shows a relatively low NPV on future charges ($0.35 M), and was discarded because

it showed no advantage over Alternative #3.  In fact, it was less certain to function suitably in

the very long term.  The project risk (Alternative #3 versus Alternative #1) was therefore

approximately $0.9 M and Alternative #3 presented much more upsides than downsides.  Thus

the closure alternative selected for the LTA tailings impoundment was Alternative #3.

Conclusions from the above analysis demonstrated that only slight improvements over

Alternative #1 are required to justify the recommendation of choosing Alternative #3.  It is

believed that the accuracy of the models used will most likely fall within these margins.

Also, with cover construction, all the slopes had to be reprofiled to 3H:IV.  To intercept the

internal pond water table seepage, toe drains had to be included for the north and west slopes.

1.5 Feasibility Study

Based on preliminary geochemical modelling, a composite cover for the tailings impoundment

was recommended as the closure option.

The effectiveness of a cover is assessed by its effectiveness to reduce the oxygen flux. The

oxygen flux value is a function of the oxygen diffusion value (De) of the material, and the

thickness of the layer. The lesser the coefficient (or the thicker the layer), the better the cover is

to reduce oxygen flux, and thus to reduce oxidation of tailings.  The oxygen diffusion coefficient
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value is impacted mostly by the saturation of the material.  The greater the saturation the smaller

is the De coefficient for a given material.  The efficiency of a composite cover concept thus

comes from the fact that the cover acts as a moisture retention structure, hence providing a low

diffusion barrier from atmospheric oxygen as well as enabling thinner layer construction (cost

saving).

The preferred materials for construction of such covers are fine materials (silt, clay), because

they typically yield excellent water retention properties and present low permeability. The

primary objective of a composite cover is to isolate the acid-generating tailings from both

oxygen and water (two necessary components in the production of acid mine drainage).  The

AMD modelling showed that a composite cover with a 0.8 m thick fine material layer yielding

an oxygen diffusion coefficient of 1*10-8 m2/s would inhibit acid production (Senes, 1995).

The moisture retention capability is possible because the composite cover system ensures that

the low permeability (fine) material placed between two coarser material layers remains

saturated almost indefinitely.  Since the coarse layer does not easily retain water, its unsaturated

hydraulic conductivity is low.  Consequently, the fine material layer in the middle thus remains

saturated, since water is attracted to this layer by greater capillary forces, and because

downward flow is greatly reduced due to the low unsaturated hydraulic conductivity of the

coarse layer underneath (Nicholson et al., 1989; Collin and Rasmuson, 1990; Anon, 1991;

Aubertin and Chapuis, 1991; SRK, 1991; Aachib et al., 1993; 1994; Aubertin, et al., 1995a,

b).

Finally, a physical-evaporation protection layer is added to the system.

In the LTA case, plenty of coarse materials were available in the west borrow pit (sand and

gravel), and MNR tailings impoundment (to the east) for fine materials (Figure 1). However, the

cover hydrogeological performance characteristics (its capability to remain saturated) had to be
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assessed.

1.6 Cover System

As mentioned previously in Section 1.5, the composite cover built over the LTA tailings

impoundment consists of three layers (see Figure 3).  The first layer is a 0.5 m-thick sand layer

and is identified as Zone 1.  This layer keeps moisture from escaping from the overlaying layer

by the capillary break effect.

The second layer was a 0.8 m compacted layer of fine material with a low permeability and

good water retention capacity, acting as an oxygen diffusion barrier.  The MNR tailings were

used for this layer, and are identified as Zone 2.  Figure 1 depicts the location of the MNR

tailings the borrow area for the Fall of 1995.

The third layer is a 0.3 m compacted layer of sand and gravel from the west borrow pit and is

identified as Zone 3.  This layer acts as a protection layer, as well as an evaporation protection

layer for the underlying Zone 2 layer.

To complete such a study, many tasks had to be performed.  The following sections present

material characterization procedures, geotechnical and hydrogeological properties of the

materials used, and performance modelling.  These sections are not intended to be a cover

design handbook, but rather a good starting ground for preparing a similar study for other sites.
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2.0 DESCRIPTION OF SELECTED CHARACTERIZATION PROCEDURES

The characterization of the materials used in the construction of the composite cover was

determined by in situ compaction testing as well as laboratory testing programs performed at

l’École Polytechnique de Montréal (Mining Environment and Hydrogeology Laboratories) and

the Unité de Recherche et de Service en Technologie Minérale de l’Abitibi-Témiscamingue

(URSTM) in Rouyn-Noranda.

2.1 Laboratory Testing

Four types of materials were subject to laboratory testing programs at various phases of the

LTA project.  These include:  MNR tailings (alkaline), LTA tailings

(acid-generating), sand from the west borrow pit, and silt from borrow pit No 1 (Figure 1).

Samples from all materials considered were subjected to the following tests:

• sieve analysis;

• specific gravity;

• compaction;

• Atterberg limits;

• permeability;

• water retention;

• oxygen diffusion;

• particle migration; and

• freeze-thaw permeability.
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2.1.1 Sieve Analysis

The grain size distribution of the MNR tailings, the LTA tailings, and the silt materials were

determined using a hydrometer analysis (more precise for finer soils), while the grain size

distribution of the sand was determined using a sieve analysis.  ASTM D422 provides a detailed

description of the testing procedure.

2.1.2 Specific Gravity (Gs)

The specific gravity of each material was obtained using a pycnometer as described in ASTM

D854-91.

2.1.3 Compaction Testing

The Standard Proctor method was used for the determination of the degree of compaction.

Each sample was tested using the ASTM D1557-78 A method for at least four different water

contents.

2.1.4 Atterberg Limits

The Casagrande apparatus was used to determine the liquid limit (wL) and plastic limit (wP) of

the MNR tailings, the LTA tailings, and the silt.  The apparatus characteristics as well as

handling instructions are described in ASTM D4318-84.

Since most of these materials did not exhibit significant plasticity, careful interpretation was

required.
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2.1.5 Permeability Testing

The permeability of the four types of materials was determined by the falling-head method which

uses a flexible membrane triaxial cell as described in ASTM D5084-90.

The permeameter allowed testing of samples 7.25 cm in diameter and up to 15 cm high.  For

placement in the apparatus, a 1 kg sample of a material with approximately 10 % water content

(thus approximating the optimum water content as determined by compaction testing) was

prepared.  The material was then placed into a split mold in

5 to 10 layers.  Each layer was compacted using a 850 g compaction hammer when a high void

ratio (e = 0.65 to 1.1) was needed or with a 4.5 kg compaction hammer for a lower void ratio

(e = 0.5 to 0.65).  Void ratios ranging from approximately 0.5 to 1.1 were therefore achievable.

Once the densification was complete, the sample was saturated in the triaxial cell by the back

pressure method as describe in ASTM D5084-90.  Permeability testing began once the sample

was saturated and inlet flow equaled outlet flow.  For all permeability tests, the hydraulic

conductivity was temperature corrected.

2.1.6 Moisture Retention Testing

The moisture retention testing was done in order to determine the capacity of the materials to

store or release water.  The water retention curves were obtained using ASTM D3152-72.

More information on water retention curves (WRC) can be found in Aubertin et al. (1995b), as

well as MEND (1997).  The soil sample was placed on a porous plate in a Tempe pressurized

cell, where it was subjected to a positive pressure while the outlet water experienced

atmospheric pressure.  Air was compressed into the cell and, at equilibrium, the amount of

water remaining in the sample represented its water retention capacity in relation to the applied
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pressure.  Based on results of several tests at varying pressure levels, the water retention curve

(WRC) was generated.  The Air Entry Value (AEV) was estimated to be the pressure yielding

90 % saturation (Ψ90) in the tested materials, and this in order to simplify the analysis of the

results, as described in Aubertin et al. (1998).  Values for AEV are typically determined

graphically, and a discussion on AEV determination is presented in Aubertin et al. (1998).

2.1.7 Oxygen Diffusion (De)

Oxygen diffusion was measured at various saturation levels.  The testing procedure requires a

column where the oxygen concentration at the source was decreasing with time while the one in

the receiver unit was increasing proportionally.  This test was performed using a transparent

PVC cylinder, 10 cm in diameter and 20 cm high, to which were attached oxygen sensors.

Moisture was added until a chosen saturation level was achieved.  The material was then placed

in the test column and densified.  Before testing, the column was purged with nitrogen to remove

any oxygen from the sample.  After purging, the upper reservoir (source) was opened, allowed

to fill with ambient air (approximately 21 % oxygen), and then closed.  The closed system

allowed oxygen diffusion in the sample.  Time measurements of the oxygen concentration were

taken until equilibrium was reached.

The oxygen drawdown curve versus time in the upper part of the reservoir enables the

calculation of the effective oxygen diffusion coefficient (De) of the material.  More details about

this experiment and its interpretation can be found in Aubertin et al. (1995a).
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2.1.8 Particle Migration Testing

The test was performed to evaluate the compatibility of materials with respect to fine particle

migration.  A 29.5 cm sand layer was placed in a 15 cm diameter, 120 cm long clear Plexiglass

column.  A 12.2 cm layer of MNR tailings was placed in a loose state on top of the sand.

Periodically, water was poured over the sample, allowing gravity flow through the two-layer

system.  The amount of water added gradually increased from

1 000 to 10 000 cm3 with each cycle.  Initial and final grain size distribution of the materials

were analyzed, using the method described previously, to determine whether water flow through

the layers modified the particle distribution.  If so, this would suggest that some fine particles had

migrated.

2.1.9 Freeze-Thaw Permeability Testing

The test was performed to assess the permeability of MNR tailings and the silt materials to

freeze-thaw cycles.  Between two constant-head permeability tests in a rigid wall permeameter

(ASTM D5084-90), the sample was subjected to a freeze-thaw cycle by placing the

permeameter in a freezer for 24 hours, then allowing it to thaw for 24 hours at room

temperature.  The variation in permeability results following freezing and thawing indicates the

material’s structural sensitivity to freezing.

2.2 Field Testing

Since the tailings impoundment over which the cover was to be placed was very wet and soft,

the determination of levels of achievable compaction of the various materials proposed for cover

construction was required.  Also, the representativity of values used for the performance

modelling was critical, and the combination of laboratory results as well as field results would
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provide those values (results discussed in Section 3.5).

This assessment was performed using two 400 m2 in situ test cells.  They were constructed on

the outer slope wall of the south-east dyke and on top of the north dyke.  Cell 1 consisted of an

800-mm layer of MNR tailings spread and compacted in a single lift, over a 500-mm layer of

sand also compacted in a single lift.  Cell 2 consisted of

two 400-mm compacted lifts of MNR tailings over 500 mm of compacted sand.  The materials

in both test cells were densified using a smooth drum roller compactor, and the number of

passes carefully recorded.

In addition, tests were performed on the test cell materials themselves, to permit comparison

between in situ results and laboratory results.  These activities, performed in the early fall of

1995, consisted of:

• MNR tailings sampling;

• sand and gravel (west borrow pit) sampling; and

• test cell density determination using a nucleodensometer probe.

Soils samples collected from the test cells were submitted for particle size analysis, compaction

testing and water content.  These tests were performed at Golder Associés’s laboratory in Val

d’Or, Québec, using the procedures described in Section 2.1.  Since freezing conditions were

present during the night, one sample was collected immediately after compaction, while another

was collected the next day in order to evaluate the effect of freezing on test cell material density.
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3.0 COMPOSITE COVER MATERIAL PROPERTIES

The material properties observed in the laboratory as well as in situ are described in the

following sections.  This description is provided along with a discussion on LTA design

parameters from the feasibility study.  The materials were grouped according to their basic

characteristics, hydraulic properties, oxygen diffusion barrier properties, and long term stability.

3.1 Basic Characteristics

Table 1 summarizes the laboratory results obtained from École Polytechnique and URSTM.

Complete results of testing on the sand from the west borrow pit, the MNR tailings, the LTA

tailings, and the silt from the No 1 silt borrow pit are outlined in Appendices A, B, C, and D

respectively.

Review of the materials’ basic characteristics shows that both the LTA and MNR tailings can

be described as inorganic silts according to the USC classification system, while sand from the

west borrow pit is described as a uniform gravely sand with little or no fines.  Silt from the No 1

silt borrow pit straddles two categories:  plastic inorganic silt and plastic organic silt.

Particle size analysis allowed envelope curves, as illustrated in Figure 4, to be prepared for the

MNR tailings and the sand from the west borrow pit.  This figure shows that both these

materials are within the limits of those observed for the field test cell cover material.

Laboratory compaction testing on MNR tailings (Golder Associés, Val d’Or) resulted in an

optimum dry density of 1650 kg/m3 and an optimum water content of 15.7 %.  Density results

for the two in situ test cells (early fall 1995) are listed in Table 2.  The average dry density was

1560 kg/m3 with a water content of 16.1 % which represents 94.5 % of the STD Proctor, or a
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void ratio of 0.768.

Even if better values were obtained, a conservative void ratio of 0.8 (92 % of the STD Proctor)

was supposed to represent attainable large scale conditions of the Zone 2 material on a soft

foundation for performance modelling purposes, as presented in

Section 3.5.  Control of the void ratio rather than the level of compaction is desirable since the

void ratio is directly associated with the effectiveness of the cover to retain water and greatly

affects the hydraulic properties of a material.  This way, different fine materials can be used, at

various compaction levels, as long as void ratio criteria is met.

3.2 Hydraulic Properties

The most important hydraulic properties of materials are those that influence the water retention

of a cover and, therefore, its capacity to act as an oxygen diffusion barrier.  Typically, the

saturated hydraulic conductivity coefficient (commonly referred to as permeability) and the AEV

are the two key parameters for cover design.

3.2.1 Saturated Hydraulic Conductivity Coefficient

During previous field work at the site (Golder Associés, 1995), permeability tests were

performed in piezometers (using the Horslev method) to determine the saturated hydraulic

conductivity of the soils beneath the tailings as well as of the LTA tailings.
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Figures 5 to 8 depict hydraulic conductivity coefficient versus void ratio curves for the various

materials tested in the laboratory, while Table 3 summarizes these results.  The 1995

permeability results are summarized in Table 4 (Golder Associés, 1995).

For a void ratio of 0.8, as discussed in Section 3.1, the expected saturated hydraulic

conductivity of the various materials under investigation are as follows:

• MRN tailings:  5 * 10-5 cm/s (e = 0.80);

• sand from west borrow pit:  1.21 * 10-1 cm/s (e = 0.60);

• LTA tailings:  2.5 * 10-5 cm/s (e  > 0.75); and

• silt from No 1 borrow pit:  1.0 * 10-6 cm/s (e  < 0.75).

These values were used for modelling.

3.2.2 Water Retention Curves

Water retention curves represent the capacity of a material to retain water by capillary action in

relation to the negative hydraulic head applied.  Theses curves are derived from the water

retention test described in Section 2.1.

Figures 9 and 10 depict the water retention versus void ratio curves for the various materials

tested in the laboratory, while Table 5 summarizes these results.  As mentioned, the Air Entry

Value (AEV) was estimated to be the pressure yielding 90 % saturation (Ψ90) in the tested

materials.  By using Ψ90 to quantify the AEV, available information in the literature can be used

to compare the results and experimental uncertainties that could exist for the MNR (alkaline)

tailings.
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The following empirical equation is based on typical values observed at several other mine sites

in Québec (Ricard, 1994; Aubertin et al., 1995b):

Ψ90 =     C (mm)2 where C is a constant that varies from 4 to 10

e D10 (mm)

The equation estimates the Ψ90 value of a fine non-plastic material (tailings) with a void ratio of

0.8 with a varying pressure of 1.0 to 2.5 m of water.  When comparing the results presented in

Table 5 for MNR tailings, laboratory testing seems to be concordant with the range predicted

by the empirical approach.

Also in Table 5, laboratory results show that silt from borrow pit No 1 has far better water

retention capacity than the MNR tailings.  For example, the silt retains 90 % of its water at a

pressure head in excess of 4 m of water, while the MNR tailings retain the same amount of

water at a head of approximately 1.5 to 2.5 m of water.  Based on these results, the use of silt

would be a good alternative to MNR tailings in areas where water retention is problematic.

Although not enough volume of silt material was available to be used as the primary fine material

for the cover construction in the LTA project, this material offered some advantages that are

explained in Section 4.0 - Cover Construction.

3.3 Oxygen Diffusion

Figure 11 illustrates the results of the various oxygen diffusion tests performed on the MNR

tailings.  For quality control purposes, an empirical curve for e = 0.8 (or a porosity n = 0.44)

was drawn using the Milington and Shearer (1971) model.

The results of the empirical model seem to corroborate the experimental results.  The most

interesting results, for design purposes, are found at a saturation level of 80 to 95 %,  where
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oxygen diffusion drops by nearly two orders of magnitude.  Results from laboratory work are

concordant with those from the literature, which have also shown that, at saturation levels of at

least 90 %, the effectiveness of a composite dry cover is the same as a water cover (Aachib et

al., 1994).

3.4 Long-Term Stability

Particle migration and the effect of freezing and thawing on permeability were studied to

evaluate the long-term stability of the composite cover.

The preliminary calculations of filter criteria between the MNR tailings and the sand indicated

that typical filter criteria for dyke construction were not met.  However, the hydraulic conditions

of a cover system are very different from those of a dyke.  Nevertheless, the column tests were

performed in the hope of simulating site conditions and studying possible particle migration.

Approximately 90 to 95 litres of water was circulated through two identical columns, as

described in Section 2.1.8.  This represented approximately five years of precipitation for the

region.  For the last cycle, 10 litres of water were added, all at once, to each column.  This

represented a gradient eight times greater than the maximum daily precipitation ever recorded in

Val d’Or, 67.8 mm.

Figures 12 and 13 illustrate the particle size distribution curves for the sand and the tailings

respectively, before and after the column tests.  A significant difference in particle size

distribution between the sand and the tailings would have made it easy to identify an increase in

fines (< 0.1 mm) in the sand if the systems were unstable.  Careful study of the particle size

distribution curves does not indicate that any particle migration occurred (see Appendix E for

complete results).  Due to the extreme conditions to which the columns were subjected to,
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particle migration is not expected to be a problem.

Freeze-thaw tests were performed to assess the sensitivity of the MNR tailings and the silt to

structural damage caused by freeze-thaw cycling.  Figures 14 and 15 present the results of these

tests for the MNR tailings and the silt respectively.  As can be seen in Figure 14, the MNR

tailings are not sensitive to freeze-thaw cycles, which is as expected for most silty non-plastic

materials.

The natural silt, which possesses significant plasticity, is potentially sensitive to damage from

freeze-thaw cycles (Figure 15).  As expected, after 10 freeze-thaw cycles, the average

permeability of the silt increased from 1*10-6 cm/s to 5*10-6 cm/s.  This, however, is not

expected to be a major concern.

3.5 Performance Modelling

The performance modelling of the composite cover was based on a sensitivity analysis while

considering water retention in drought periods (2 months), resistance to surface erosion, ability

to withstand extreme precipitation, as well as damage potential of freeze-thaw cycles (Baccini,

1988; EPA, 1989; Bagchi, 1990; Nicholson et al., 1991; Hutchison and Ellison, 1992; Daniel,

1993; Wing, 1993, 1994; Aubertin et al., 1995a; Woyshner and Yanful, 1995, Ricard et al.,

1997).

Procedures and material properties presented in Sections 2.0 and 3.0 were used for sensitivity

analyses.  One of the difficulties of the feasibility study was to identify parameters that could be

modelled and at the same time provide clues on cover effectiveness.

During the geochemical modelling phase described earlier in Section 1.5, the effective oxygen

diffusion coefficient (De) required to ensure minimal oxidation was identified to be around 1*10-
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8 m2/s for a 0.8 m thick fine layer (Senes, 1995).  Figure 11 shows that at least 85 % saturation

is required to obtain this value, and this was the target selected to analyze cover performance

through hydrogeological modelling with specialized software.

Hydrogeological assessment modelling of the cover was done by Golder Associés in Pointe-

Claire, Québec, in collaboration with Professor Michel Aubertin from École Polytechnique.

The design was based on both laboratory and in situ testing results.  Due to the complex

hydraulic behaviour of a composite cover system, the optimum configuration was determined

using numerical models.  The water balance and various drainage and seepage parameters for

the site were evaluated using the HELP and SEEP/W models.  These programs were previously

used in other studies (Woyshner and Yanful, 1995).

Initial results showed saturation level under 85 % in the upper part of the north dyke. Modelling

also showed that water movement with the cover are essentially ruled by transient conditions,

which means that quasi-stable permanent conditions are never met.  To achieve proper humidity

conditions anywhere on the tailings site, recharge conditions must be higher than seepage and

evaporation.  In the case of the north dyke, this was obtained by using hydraulic cut-offs, to

reduce lateral slope seepage within the cover.  According to the model, adequate humidity, even

with a two-month drought period, was not related to Zone 2 layer thickness, but rather spacing

of  hydraulic cut-offs within the outer slope.  Theses results were encouraging enough, on

technical grounds, to allow the project to proceed.

The final selection of the layer thickness was done based on sensitivity analyses.  For

simplification purposes, the various layers of the composite cover were identified (see Figure 3)

and are:
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• Zone 1 (capillary break) - composed of 0.5 m of sand from the sand and gravel

borrow pit to the east of the LTA tailings impoundment (Figure 1);

• Zone 2 (oxygen diffusion barrier) - composed of 0.8 m of alkaline tailings from the

nearby MNR site (to the west, Figure 1); and

• Zone 3 (protection) - composed of 0.3 m of sand and gravel, also from the east sand

borrow pit (Figure 1).

3.6 General Comments - Composite Cover Material Properties

As described in  the previous sections, the geotechnical properties of the MNR tailings,

proposed to be used as the fined grained layer in the LTA composite cover, are neither

exceptional nor uncommon.  The fine layer of a composite cover system, which is key to

reducing oxygen flow, determines the ultimate efficiency of the cover.  Nevertheless, the

selected material, MNR tailings, exhibit characteristics of typical silty sand or sandy silt.  In

many areas, materials to be used for the fine layer are scarce.  Alternative materials, such as

tailings (and materials ranging from sandy silt to silty sand), could be used if they demonstrate

the necessary properties and are available in sufficient quantities.  They would not be expected

to be as effective as silt or clay, but with proper system design, tailings could still be effective at

retaining humidity with appropriate capillary break thickness selection.

This shows that to ensure optimal design of a composite cover, at least three characteristics are

required:

• The value of the maximum oxygen flux allowable (obtained typically through
geochemical modelling or column testing) that would provide negligible oxidation;
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• The effective diffusion coefficient (De) versus saturation of the material considered
for cover construction (also obtained from laboratory test). By knowing the
maximum flux available, thickness calculation of the fine layer (Zone 2 in the LTA
project) can be obtained using the calculation method presented in Elberling et al.,
1994; and

• The water retention capacity of all the materials considered for cover construction,
to enable design of capillary and hydraulic break (in certain cases, to prevent water
flow within the cover) that will ensure proper saturation of the critical cover material
layer.

As described, the process to properly design a composite cover can be straight forward if a

good work plan is adhered to.  However, many challenges awaited on the construction site.

Trying to construct a composite cover on a soft and very wet tailings impoundment, which was

the case in the LTA project, demanded an innovative approach.  This innovative approach will

be presented in the following section.

4.0 COVER CONSTRUCTION

4.1 Logistics

Construction of a composite cover on top of a tailings impoundment, such as the one proposed

for LTA, requires the placement of a 1.6 m-thick soil structure on a surface of nearly 60

hectares.  This work cannot be done cost effectively without the use of heavy machinery.

However, circulation of any kind, especially of heavy equipment during construction, proves to

be a challenge due to the elevated phreatic surface of the tailings.  Any movement would raise

the water level to the surface of the tailings, and trafficability would be next to impossible.

From the start of the feasibility study, it was evident that the placement of relatively thin layers

requiring compaction and large-scale homogeneity on a soft foundation would be a challenge.

However, the LTA tailings impoundment does offer advantages for traffic movement and
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subsequent construction.  Since the tailings were stacked, the peripheral dykes are relatively

permeable, with only one side contained by natural topography.  They are generally well-

drained and dry.  Construction traffic in these areas is not a problem.

Due to the uncertainties surrounding construction feasibility and logistics, the project was

divided into distinct phases.  Phase I, scheduled to begin in late fall 1995, was the installation of

test cells similar to those described in Section 2.2, with construction starting on top of south-

east dyke (Figure 1), a dry area, and going inward onto the tailings impoundment (to the west)

toward smoother areas.  Phase II started in winter 1996 with the placement of the composite

cover, and will end in the winter of 1999.  This includes the construction of the cover on the

whole site which ended in September 1996 and a two-year monitoring period.

4.2 Phase I - Fall 1995

The main goals of Phase I were:  to verify site accessibility for construction equipment, better

define the construction risks, and confirm that adequate compaction of Zone 2 material (MNR

tailings) was possible.  Adequate compaction is achieved when the void ratio meets the design

criteria, set at 0.8.

Construction of the 2.5-hectare monitoring cell (see Figure 1) in the south-east corner of the site

consisted of:

1) placement of the 0.5 m thick layer of sand (Zone 1) which would be required to
prevent erosion and allow vegetative growth in the case where cover construction
proved to be unfeasible; and

2) placement of the two remaining layers.
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Placement of the first layer in the test area (see Photographs 1 to 7) started in late fall 1995.

Due to the typical climatic conditions of this region (temperature of approximately +6oC during

the day and  - 5oC at night, resulting in tailings being frozen at a depth of less than 15 cm), the

placement of the Zone 1 material (sand) created, as expected, traffic circulation problems,

particularly toward the centre of the tailings impoundment.  As shown on Photographs 4 and 5,

limited infiltration (piping) of finer LTA tailings into the sand layer (0.5 m) was observed at the

beginning.  Compaction of the Zone 1 material was not considered critical for the cover system.

The homogeneity and drainage characteristics of this layer are significantly more important to

ensure a capillary break effect, and the presence of finer particles in the coarser material must

be controlled.  The piping effect ceased as temperature decreased and the deeper tailings froze.

During the field test work described in Section 2.2, test cells to verify compaction requirements

for Zone 2 material were installed in relatively dry areas of the site, namely the north and south-

east dykes.  During Phase I work, a compaction value of 90 % of the STD Proctor was

required on softer foundations to achieve the 0.8 void ratio target as presented in Section 3.1.

Essentially, the same procedure used for the test cells (two 0.4 m lifts versus one

0.8 m lift) was kept with compaction levels tested using a nucleodensometer (see Photograph

8).  This testing was performed immediately after compaction as well as the following day to

assess frost action.  Results showed that a single 0.8 m thick layer of Zone 2 material

undergoing four to six passes with a vibrating roller drum compactor was the best alternative.

Compaction values achieved were greater than 90 % of the STD Proctor.

As noted above the main objectives of Phase I were to verify site accessibility for construction

equipment, and to confirm that adequate compaction of Zone 2 (MNR tailings) was possible.

Results from Phase I showed that to enable heavy equipment circulation, and to prevent piping

of tailings particles into the capillary break layer

(Zone 1 - coarse layer), the Zone 1 layer needed to be placed and compacted in winter, while
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the underlying tailings surface was frozen.

Phase I work also demonstrated that acceptable compaction levels for fine-grained materials

(Zone 2) were attainable even in freezing conditions if these materials were not too wet (about

15 – 18 % water content) and were compacted immediately.  Phase I work has therefore

shown that composite cover construction is feasible, as long as the work is performed in winter

when the tailings to be covered are frozen.

4.3 Phase II - Fall 1995 and Winter 1996

With Phase I work completed, much confidence was gained on the constructability aspects of

the concept for full-scale application.  Phase II was implemented, and consisted of covering the

softer tailings areas first, preferably during the winter of

1995-96.  A comprehensive QA/QC program was required to ensure that the required

minimum standards be met.  The program included:

1) snow removal prior to material placement;

2) material placement and immediate compaction (before freezing);

3) continuous compaction testing, sampling, laboratory analysis, and layer thickness
verification;

4) snow and ice management at the borrow pits and work site to minimize handling of
frozen materials and avoiding subsequent mixing with snow and/or ice; and

5) material management (frozen materials not used during winter construction are set
aside for possible later use elsewhere during the warmer construction season).

This section describes the activities that took place at the LTA site in the fall of 1995 and winter

1996.  The activities are presented in chronological order.  Brief descriptions of the equipment

used for the construction of the cover are also provided.  The sequence of events does not
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include all activities performed on the site; it is focused on the actual construction of the cover

system.  Photographs are included for completeness.

Construction Norascon Inc. was the contractor while Golder Associés managed and supervised

the field work.

4.3.1 Cover System

As mentioned previously in Section 1.5, the composite cover built over the LTA tailings

impoundment consists of three layers (see Figure 3).  The first layer is a 0.5 m-thick sand layer

and is identified as Zone 1.  This layer keeps moisture from escaping from the overlaying layer

by the capillary break effect.  The material is from the borrow pit located west of the LTA

tailings impoundment (see Figure 1).  This pit also served as a source of material used to raise

dykes and to construct the toe drains.  The estimated available volume of sand and gravel was

500 000 m3.  The stratigraphy of the west borrow pit is shown in Photographs 9 and 10.  This

layer was spread as a single lift, and compacted using the spreading equipment only.

The second layer was a 0.8 m compacted layer of fine material with a low permeability and

good water retention capacity, acting as an oxygen diffusion barrier.  The MNR tailings were

used for this layer, and are identified as Zone 2.  Figure 1 depicts the location of the MNR

tailings the borrow area for the Fall of 1995.  Approximately 1 Mm3 of useable tailings was

available for cover construction.  Useable tailings are described as fine, unfrozen, not too wet,

and within the design particle size envelope.  This layer was spread as a single lift, and

compacted with four to six passes of a vibrating roller drum compactor.

The third layer is a 0.3 m compacted layer of sand and gravel from the west borrow pit and is

identified as Zone 3.  This layer acts as a protection layer, as well as an evaporation protection
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layer for the underlying Zone 2 layer.  This layer was spread as a single lift, and well compacted

with a vibrating roller drum compactor.

4.3.2 Description of Activities

Since the LTA impoundment is actually a stack, the dykes are also composed of

acid-generating materials and needed to be covered.  Hence, one of the first tasks requiring

some attention was the external slopes of the dykes, which were too steep to assure long-term

stability.  This task was not directly related to cover design layout, but had to be performed

prior to cover construction.

Phase II rehabilitation work began in late fall 1995 with the profiling of the

south-east dyke (see Photographs 11 to 13) that was constructed solely of tailings.  The slope

was reduced (maximum slope of 3H:1V) and directed away from the tailings area.  The profiling

work was then completed on the east, north, and west dykes.  The inner slopes and crests of

the dykes were also profiled to a maximum slope of 3H:1V for covering purposes.

An access road was also constructed (see Photographs 14 and 15).  This road joins the west

borrow pit, where Zone 1 and 3 materials are located, to the LTA tailings area via the settling

pond (see Figure 1).  This 7.5 m wide road was built to facilitate circulation of heavy equipment

on the settling pond surface in winter.  Before freezing, traffic circulation was impossible.  This

road was continued up to the MNR property where the Zone 2 material is located.  An access

ramp was constructed, using dry tailings, which led from the LTA impoundment tailings to the

MNR property, crossing over the east dyke (see Figure 1).

During this period, lime was placed on the downstream slope of the peripheral dykes (see

Photographs 16 and 17).  This work began on the south-east dyke and then continued on the
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east and north dykes.  Agricultural lime was spread as a precautionary step to delay any acid

generation that could occur as the dyke crests were not yet covered.  In total, approximately

350 tons of lime were spread on the east, south-east, and north dyke slopes and crests at a

ratio of 100 t/ha.

Zone 1 material placement began on the north dyke crest, and then continued in the direction of

the east and south-east dykes, as well as towards the softer areas to the

south-west.  The sand was excavated using a Hitachi EX-700 hydraulic shovel, loaded by a

CAT 980 loader, and transported using four to six 35-ton off-road Volvo trucks.  The number

of machines used varied depending on work conditions and crews (day or night shift).  The

tailings were spread by one or two CAT7/D6 bulldozers and compacted by one or two smooth

vibrating drum compactors.  Since no compaction was required for Zone 1, only a road grader

was used to level the Zone 1 layer in preparation for the placement of the Zone 2 layer (see

Photographs 18 and 19).

With the establishment of a good working surface for Zone 1, placement of the Zone 2 MNR

tailings on the south-east dyke (see Photographs 20 and 21) was started.  Winter construction

resulted in frozen borrow materials. The frozen tailings at the MNR site were excavated and

stockpiled mainly on the outer slopes of the north dyke for future use.  Frozen materials

accounted for approximately 30 % of the total volume excavated.  Unfrozen material from the

MNR site was transported to the LTA site for placement and compaction as Zone 2 material.

Even if nearly 10 Mt of alkaline tailings were present in the MNR site, only about 10 % had

suitable characteristics as construction material for the composite cover.  Only efficient

management of these materials allowed  for the completeness of the work.

Placement of Zone 1 (0.5 m-thick layer of sand) over the entire surface of the LTA tailings

impoundment was completed by the end of March 1996.  The only area left uncovered was the

west dyke.  The downstream slope of this dyke required using profiling/reprofiling (3H:1V)
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before placement of the cover, scheduled for the summer of 1996.

Near the end of March 1996, most of the acceptable MNR tailings identified (unfrozen and

18 % water content on average) had already been used.  The moisture content of the  tailings

increased with depth, thus gradually reducing the attainment of adequate compaction for the

cover.

A second borrow area, north-east portion of the MNR property, was used to supply

Zone 2 materials (winter 1996 on Figure 1).  These tailings were found to be finer and much

drier (15 % water content on average).  The remainder of Zone 2 construction was carried out

using this material.  Temporary access roads to this new borrow area on the MNR property

were constructed.

Zone 3 construction (final protective layer) began as soon as the Zone 2 material was placed.

Hence, a large portion of the composite cover was completed by mid-March 1996 (see

Photographs 22 and 23).  With a thickness of 0.3 m, this layer was spread and compacted in a

single lift using spreading equipment.

Work planned for the fall 1995 - winter 1996 period was completed by the end of March

1996.  During this time, the entire LTA tailings surface, with the exception of the access road

and the downstream slope of the west dyke, was covered with the three-layer composite cover

system.  The south-east dyke was also completely covered.  The east dyke was covered by

Zone 1 material only, while the north dyke has Zone 1 layer completed as well as stockpiles of

frozen MNR tailings (Zone 2 material).

A strict quality control program was implemented during the composite cover placement.  Good

compaction of the Zone 2 layer was essential for cover efficiency.  The quality control program

was especially important since construction was performed in difficult winter conditions, a first
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for this type of application.

For the MNR tailings (Zone 2), the average in situ compaction obtained using a

nucleodensometer was 94.7 % of the Standard Proctor.  This corresponds to an average void

ratio of 0.778, which is better than the 0.8 void ratio considered in the feasibility study.  The

work performed during the fall 1995-winter 1996 period can therefore be considered in

conformity with the design criteria.

The complete results of all compaction testing for the fall 1995-winter 1996 period are

presented in Appendix G.

Table 6 provides an estimate of the volume of material put in place.  Approximately

0.97 Mm3 of materials were used in this period for the construction of the composite cover.

4.4 Phase II - Summer 1996

Construction on the LTA site was delayed in the spring of 1996 because of melting snow which

made traffic circulation on the site impossible.  In early July, work resumed with the removal of

ponded water and debris that had accumulated in existing ditches to permit proper drainage of

the site.

During winter construction, the MNR tailings were used for the Zone 2 fine layer.  The spring

thaw left the MNR site untrafficable.  To complete Zone 2 of the composite cover, silt from the

No 1 borrow pit was used (see Figure 1).  Although material availability was limited, the silt

demonstrated better water retention capabilities than the MNR tailings previously used in the

winter of 1996.  A 3 m-thick strip of silt was used from the borrow pit to complete the cover.
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The west dyke required slope reprofiling before placement of the composite cover.

This was one of the first tasks performed on the site during the summer of 1996.  The outer

dyke wall was given a 3H:1V slope and covered immediately by a layer of

Zone 1 material (see Photographs 24 to 26) followed by the Zone 2 silt layer (see Photograph

27).

During Phase I, cover placement over the north dyke was not completed.  Frozen MNR tailings

(Zone 2 material) were instead stockpiled at that location.  The north dyke was first reprofiled,

because the spring melt created gullies on the slope walls (see Photographs 28 and 29), and

stockpiled tailings were spread out and compacted.  Zone 3 material was placed immediately

afterwards (see Photographs 30 and 31).

The placement of the Zone 2 silt layer over both the north and west dykes was completed by

mid-August 1996 and was followed by the placement of the Zone 3 layer (see Photographs 32

and 33).  Due to the rain and the relatively high moisture content of the silt, the Zone 2 layer was

sometimes compacted several days after allowing material to air dry.  Adequate compaction

was then achieved using a smooth drum vibrating compactor.

Construction materials were excavated using a Hitachi EX-700 hydraulic shovel, loaded by a

CAT 980 loader, than hauled by four to six 35-ton Volvo off-road trucks.  The number of

trucks used varied with work conditions (day or night shift).  The materials were spread over

the tailing surface and the dyke slopes by one or two CAT7/D6 bulldozers and subsequently

compacted by one or two smooth drum vibrating compactors.

Erosion of the dyke slopes, because of runoff, was also a problem at the east and

south-east dykes.  Reprofiling was necessary prior to placement of Zone 2 and Zone 3 material.

Work continued on the tailings pond where the access road was removed and replaced with the
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composite cover.  Work began at the eastern extremity of the road and proceeded west toward

the west borrow pit (see Photographs 34 to 37).

It should be noted that the LTA tailings, even in mid-summer, had a high moisture content.

They were almost fully saturated and traffic circulation created a quicksand effect.  As observed

in Phase I under these conditions, tailings compaction using standard equipment was virtually

impossible.  This would create a quicksand effect which would induce piping of the LTA tailings

through the Zone 1 sand layer.  Hence, compaction was achieved using only the excavator

bucket.  Particular attention was paid to blending the remainder of the Zone 2 layer properly

with the partial Zone 2 layer placed during winter construction.  Since heavy equipment could

not circulate on the composite cover, dismantling of the access road and placement of the cover

were performed in successive 50 m long sections.  This ensured continuous access to the work

area via the access road.  All work was completed by October 1996.

Therefore, the decision to proceed with construction of the cover on soft tailings in the winter

was justified.  In fact, difficulties encountered during the summer months proved that such work

would have been impossible to perform during summer seasons.  Furthermore, from experience,

the protective Zone 3 layer must be placed as soon as possible since thawing and spring runoff

can cause significant erosion, even to the point of compromising the integrity of the composite

cover.

The compaction test results are presented in Appendix H.  For the Zone 2 silt, the average

compaction was 92 % of the Standard Proctor, which relates to a void ratio of 0.762.  This is

again below the target void ratio of 0.80.

Table 6 provides an estimate of the volume of material used for the composite cover

construction.  Approximately 100 000 m3 of various materials were used to cover the tailings

area in the summer of 1996.  For both 1995 and 1996, a total of approximately 1.0 Mm3 of

material was used for cover construction.



February 1999 -35-

Golder Associés

5.0 FIELD MONITORING PROGRAM

Phase A of the monitoring program consisted in the installation of 20 monitoring stations

throughout the site to adequately monitor the efficiency of the composite cover.  These stations

are in addition to the existing piezometers on site.

The first series of monitoring stations, identified CS96-1 to CS96-10 (top of impoundment) and

PS96-1 to PS96-3 (outer slopes) was installed in June 1996.  The PS96-4 to PS-96-10 (north

dyke) series was installed in August 1996.  The locations of the monitoring stations are shown

on Figure 16.  The difference in elevation between the stations is shown on Figure 17.

A typical monitoring station is illustrated in Figure 18.  The oxygen probe enables the

measurement of oxygen consumption, that is converted to oxygen flux through the composite

cover (Photographs 38 and 39).  The TDR (Time Domain Reflectometry) probes are used to

evaluate the in situ moisture content of a material (Photograph 40) and the Watermark probes

are used to measure capillary potential in soils

(Photograph 41).  A correlation between moisture content, capillary forces, and oxygen flux

through the saturated layer as well as cover efficiency can be determined using these three

instruments.  More information on instruments characteristics can be found in MEND 1994.

Phase A monitoring stations were installed in the Zone 2 layer (MNR tailings) of the composite

cover.  Given the short time period between the end of construction and the first monitoring

campaign results, the interpretation, which takes into consideration varying seasonal conditions,

will be included in the final monitoring report due in March 1999.

6.0 CONCLUSIONS
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The LTA project has increased the knowledge base of construction techniques in

full-scale applications of composite covers.  Initial observations on site indicate that the cover

was placed in conformity with construction objectives.  The design, construction, and monitoring

program for the LTA soil cover provides a unique opportunity to evaluate the performance of

an engineered soil cover in Canadian climate.

Several new concepts and construction techniques were developed for this project, such as the

use of locally available tailings to be used for the fine layer when clays are not available. This

concept could be applicable to a large number of other acid-generating sites.

The geotechnical properties of the MNR tailings used for the fine layer of the composite cover

are neither particular nor uncommon.  The MNR tailings exhibit characteristics that a relatively

common silty sand or sandy silt may have.  Often, the difficulty is not in identifying suitable

locally available materials but rather in determining the required thickness of the cover layers that

will ensure minimal oxidation conditions, that is the fine material at near saturation with a

capillary layer.

At least three key elements are required to ensure optimal design of a composite cover:

• The value of the maximum oxygen flux allowable (obtained typically through
geochemical modelling or column testing) that would provide negligible oxidation;

• The effective diffusion coefficient (De) versus saturation of the material considered
for cover construction (also obtained from laboratory test). By knowing the
maximum flux available, thickness calculation of the fine layer (Zone 2 in the LTA
project) can be obtained using the method presented in Elberling et al., 1994.

• The water retention capacity of all the materials being considered for cover
construction.  This will enable the design of capillary and hydraulic breaks (in certain
cases to prevent water flow within the cover) to ensure proper saturation of the fine
layer in the cover system.
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Furthermore, three important design parameters that effect the financial impact of the project

must be considered.

The first aspect, geochemical modelling of the site specific conditions, is one of the most

important parameter affecting the cost of rehabilitation.  In this case study, the precise

establishment of site requirements allowed the use of MNR tailings instead of other more costly

materials.

The next critical parameter is knowledge and identification of available materials.  Using coil

covers as a closure option is cost effective when transportation costs are kept to a minimum.

The LTA project confirmed that using locally available material, such as tailings, for cover

construction is a viable closure option.  The project also demonstrated that the results of the

laboratory testing were representative of the field conditions (Aubertin et al., 1995a, b).  When

transportation costs are kept to a minimum, the cost of a cover system such as the one used at

LTA are viable.

The final parameter in determining the total cost of construction is field conditions since cover

placement requires a specified density on an often soft foundation.  Innovative solutions are

often required.  In the LTA case, winter construction was deemed the most appropriate

solution.

The final cost of the LTA composite cover, an area of almost 60 hectares, was CAN$3.9 M or

$45,000/hectare/m of thickness (revegetation cost not included).  The preliminary estimate of all

reclamation costs (including ditches, foot drains, spillways, etc.) was approximately

$93,500/hectare.

7.0 FUTURE PROJECTS
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Monitoring of Phase A stations will be continued.  Additional monitoring stations will be installed

during Phase B.  These will be carefully installed to minimize disturbance of the composite

cover.  TDR probes, to measure the water content, and tensiometers, to corroborate the

Watermark probe readings, will be installed in the Zone 2 layer.  This phase will allow a spatial

distribution of results as well as the determination of an average saturation value through the

entire thickness of the fine layer.  These results will complement the vertical profiles of the Phase

A monitoring stations.  Phase B began in the spring of 1997.

To calculate the infiltration, a more detailed hydraulic balance is required.  A meteorological

station on site, along with the meteorological stations at the Val d’Or Airport and that of École

Polytechnique at the Norebec-Manitou site (located 10 km east of Val d’Or), will provide all

necessary precipitation and evaporation data.  A flow measurement station will be installed at

the south spillway to monitor runoff.
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The impacts of surface erosion and root penetration on the effectiveness of the cover are

recommended areas of research for future studies.

The final monitoring report, which will include the data and the interpretation, will be available in

March 1999.
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 TABLE 1 

 
SUMMARY OF LABORATORY RESULTS 

 

ITEM MNR 

TAILINGS 

SAND SILT LTA  

TAILINGS 

Grain size 

D60 (mm) 

D30 (mm) 

D10 (mm) 

Cu 

Cc 

 

0.030 

0.012 

0.005 

6.0 

0.96 

 

0.870 

0.517 

0.300 

2.90 

1.02 

 

0.0095 

0.003 

<0.001 

>9.5 

>0.95 

 

0.030 

0.010 

0.002 

15 

1.67 

Specific gravity Gs 2.819 2.751 2.747 2.934 

Compaction test  

Density (kg/m3) γd 

Optimal water content Wo 

Void ratio e 

 

1650 

15.7% 

0.708 

 

1845 

14.2% 

0.491 

 

1943 

13.3% 

0.414 

 

1810 

15.5% 

0.621 

Atterberg’s Limits: 

Liquid limit  w 

Plastic limit wp 

Plasticity index Ip 

 

23.0 

19.5 

3.5 

 

---- 

---- 

---- 

 

25.1 

19.06 

6.05 

 

23.0 

21.9 

1.1 

Soil type 

USC Classification 

ML SP ML-CL ML 
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TABLE 2 
 

COMPACTION TESTS - MNR TAILINGS 
EXPERIMENTAL CELLS 

 
Description : Compaction test. South-east test cell. LTA site 
Personnel Eric Bouchard Golder Compaction unit Smooth drum compactor 

Gs STD Proctor Results 
2.819 Optimal Density (Mg/m3) 1.650 Optimal water content 15.7 

 
  

Test # Material γd  
(kg/m3)

 

W 
% 

% Standard  
Proctor  

Void ratio Field notes 

110 MRN 1550 17 93.9% 0.774  
111 MRN 1537 22.7 93.2% 0.789  
112 MRN 1536 19.4 93.1% 0.790  
113 MRN 1552 17.1 94.1% 0.772  
114 MRN 1481 19.3 89.8% 0.857  
115 MRN 1487 17.1 90.1% 0.849  
116 MRN 1530 13.1 92.7% 0.797  
117 MRN 1480 12.6 89.7% 0.858  
118 MRN 1555 13.1 94.2% 0.768  
119 MRN 1543 19.9 93.5% 0.782  
120 MRN 1580 10.8 95.8% 0.741  
121 MRN 1527 17.5 92.5% 0.801  
122 MRN 1539 14.5 93.3% 0.787  
123 MRN 1528 16.3 92.6% 0.800  
132 MRN 1564 17.6 94.8% 0.758  
133 MRN 1593 16.2 96.5% 0.726  
134 MRN 1535 18.6 93.0% 0.792  
135 MRN 1506 17.8 91.3% 0.826  
136 MRN 1534 14.4 93.0% 0.793  
137 MRN 1611 15.3 97.6% 0.707  
138 MRN 1510 14.7 91.5% 0.821  
139 MRN 1561 17.3 94.6% 0.762  
140 MRN 1581 16.2 95.8% 0.739  
141 MRN 1517 12.8 91.9% 0.813  
142 MRN 1623 17.6 98.4% 0.694  
143 MRN 1635 10.6 99.1% 0.682  
144 MRN 1577 18.6 95.6% 0.744  
145 MRN 1594 19.3 96.6% 0.725  
146 MRN 1658 10.9 100% 0.659  
147 MRN 1608 15.2 97.5% 0.710  
148 MRN 1519 12.7 92.1% 0.810  
149 MRN 1580 16.1 95.8% 0.741  
150 MRN 1651 10.8 100.1% 0.666  
151 MRN 1535 18.1 93.0% 0.792  
152 MRN 1521 17.7 92.2% 0.808  
153 MRN 1483 19.5 89.9% 0.854  
154 MRN 1594 18.9 96.6% 0.725  
155 MRN 1488 18.2 90.2% 0.848  
156 MRN 1610 14.3 97.6% 0.708  
157 MRN 1655 16.1 100.3% 0.662  
158 MRN 1641 12.7 99.5% 0.676  
159 MRN 1637 16.8 99.2% 0.680  

 Average 1560 16.1 94.4% 0.768  
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TABLE 3 
 

SUMMARY OF PERMEABILITY TESTING RESULTS  
 

Void ratio  MNR tailings SAND SILT LTA tailings 
 (cm/s) (cm/s) (cm/s) (cm/s) 

0.582   2.91*10-6  
0.586  8.57*10-2   
0.598  1.17*10-1   
0.614  1.55*10-1   
0.615  1.64*10-1   
0.666   1.05*10-6  
0.684   1.46*10-6  
0.712 3.06*10-5    
0.725    9.30*10-6 
0.795 4.96*10-5    
0.824    2.39*10-5 
0.833    1.85*10-5 
0.844 8.61*10-5    
0.919   7.63*10-7  
1.014 1.94*10-4    
1.028 1.93*10-4    
1.037    3.85*10-5 
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TABLE 4 
 

SUMMARY OF IN-SITU PERMEABILITY TESTING  
 
 

Location  Piezometer Depth  Stratigraphy Permeability
  (feet)  (cm/s) 

BH94-01 1 86.5 - 91.5 Silt  4*10-6 

BH94-02 1 50.0 - 55.5 Silty Sand 9*10-5 

BH94-03 1 49.0 - 54.0 Sandy Silt 2*10-5 

BH94-06 1 47.5 - 52.5 Silty Sand 5*10-5 

BH94-07 1 15.0 - 20.0 Silt 8*10-6 

BH94-09 1 2.0 - 12.0 MRN tailings 8*10-6 

BH93-01 1 40.0 - 50.0 Sand  9*10-4 

BH93-03 1 25.0 - 35.0 Silty Sand 4*10-4 

BH93-04 1 55.0 - 65.0 Sand 9*10-3 
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TABLE 5 
 

WATER RETENTION RESULTS SUMMARY 
 

MATERIAL  Void ratio AEV−Ψ90 
m water 

Ψr 
m water 

MNR tailings 0.86 2.21 ---- 

MNR tailings 0.90 2.80 ---- 

MNR tailings 0.94 0.74 ---- 

MNR tailings 0.94 1.36 ---- 

Sand  0,55 ---- 1,04 

Sand 0,64 ---- 0,97 

Sand 0,66 ---- 0,97 

Silt-Poly 0,56 2.81 ---- 

Silt-Poly 0,58 4.22 25,31 

Silt-URSTM 0,70 13.5 ---- 

Silt-URSTM 0.80 > 45 ---- 

LTA tailings 0.83 4.66 ---- 

LTA tailings 1.08 1.10 ---- 

 
 AEV : Air Entry Value.  Brooks and Corey (1969) method use for silt. 
 
 Ψ90: Suction Pressure at 90% saturation. method use for tailings. 
 
 Ψr: Residual suction pressure (typically 5 to 10 % saturation). 
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TABLE 6 
  

APPROXIMATIVE MATERIAL VOLUMES PUT IN PLACE 
  

Item Units Fall 95 Summer 96 Total 
  Winter 96   

Zone 1 m3 323 220 28 760 351 980 
  average thickness (m) 0.59 

Zone 2-MNR m3 335 155 0 335 155 
Zone 2 (MNR-frozen) m3 153 990 0 153 990 

Zone 2 (Silt) m3 0 30 000 30 000 
  average thickness (m) 0.87 

Zone 3 m3 153 990 34 005 187 995 
 average thickness (m) 0.31 
 Total 966 355 92 765 1 059 120 

 








































































































































































































































































































































































































































