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EXECUTIVE SUMMARY

The south waste rock dump at Mine Doyon, Cadillac, Québec has been generating acidic drainage
since 1985, two years after the dump was started. Acid generation increased steadily from 1985 to
1988 and snce 1988 the dump has been generating strong acidic drainage which is presently
collected and treated with lime.

Between 1991 and 1994 the south dump has been the subject of extensve investigations and studies
caried out through the MEND Prediction Committee primarily by Groupe de Recherche en
Géologie de I'Ingénieur (GREGI), Université Lavd, Sainte-Foy, Québec. The results of these
studies have been issued in a series of ten reports. The Ste investigations included tasks such as
drilling and sampling of the rock dump materids piezometer, lyameter and thermocouple
ingalations, sampling of acidic drainage, groundwater and pore water; collection of gas samples
within the dump; collection of microbiologica specimens, measurement of surface temperatures and
temperature profiles in the dump; and collection of climatic and hydrologic data. The laboratory and
andytical dudies caried out incduded characterization of the physico-chemicad and mechanicd
properties of the different types of waste rock; water chemistry andyses including rapid chemica
techniques to monitor acid mine drainage; hydrology and water budget studies, geotechnica and
hydrologicd sudies incuding evauation of dry bariers extensve sudies of minerdogy and
geochemica processes, microbiological enumeration and diversity studies, and predictive modeling of
acid mine drainage processes including heet transfer analysis. One of the more important objectives
of the gudies at the south dump was to measure physical and chemica properties of an actud waste
dump and to identify key processes contributing to the generation of acid mine drainage.

The MEND Prediction Committee arranged for a peer review of the studies carried out a the south
dump by a designated group of expert consultants (Peer Review Team). The peer review was
carried out under five separate technical components identified as (i) hydrology, (ii) geotechnology
and hydrogeology, (iii) geochemigtry and minerdogy, (iv) microbiology and (v) predictive modeling.
The Peer Review Team made a technicad and scientific review of the ten reports provided by the
MEND Prediction Committee with particular reference to providing a critique of strong and weak
points, identifying new information and understanding developed from the studies and suggesting
aressfor future work. This report provides the peer review commentary on the Mine Doyon study.

The overdl concluson of the peer review is tha the Mine Doyon study has provided a new
understanding of some specific technica issues and represents a thorough and exceptiondly well
documented case study. The peer review aso identified a number of inconsstencies and occasiond
technica errors in the reports which should be corrected.  The inconsistencies occur mainly in the
earlier reports which were issued without the benefit of the complete study results, dso budget and
time congraints were a contributing factor.




SOMMAIRE EXECUTIF

Lahdde de gériles sud de laMine Doyon, Cadillac, Québec est génératrice de drainage minier acide
depuis 1985, soit deux ans agorés le début de son utilisation. La généation d'acide a
progressivement augmentée de 1985 a 1988 et depuis 1988, la halde sud génere un drainage trés
acide qui est présentement capté et traité ala chaux.

Entre 1991 et 1994, la hade sud a fait I'objet d'éudes et de sondages intensifs exécutés par
I’entremise du comité de prédiction du NEDEM principalement par le Groupe de recherche en
géologie de I'ingénieur (GREGI), Université Lava, Sainte-Foy, Québec. Les réaultats de ces éudes
sont présentés dans une série de dix rapports. L’ examen du Ste incluait des travalix, tels le forage et
I’échantillonnage du géile de la hdde l'ingdlaion de piézometres, de lysméres e de
thermocouples, I'échantillonnage du drainege acide, de I'eau souterraine e interditidle la
récupération d' échantillons de gaz dans la hade; la cuellette de spécimens microbiologiques; la
mesure des températures de surfaces et du profil des températures dans la halde; et la cuellette de
données climatiques et hydrologiques. Les éudes de laboratoires e les andyses effectuées
comprenaient: la caractérisation physico-chimique et les propriétés mécaniques de différents types de
roches gériles; I'anayse chimique de I’ eau incluant des techniques chimiques rapides afin de suivre de
pres I'évolution du drainage minier acide; I'éude de I’ hydrologie et du bilan hydrique; des éudes
géotechniques et hydrologiques incluant |’ évauation de barriéres seches; des éudes approfondies de
laminérdogie et de la géochimie; des éudes de denombrement et de diversté microbiologique; et la
moddlisation prédictive du processus de génération d'acide incluant I'andyse du transfert de la
chaeur. Un des objectifs principaux des éudes sur la hade sud était de mesurer les propriétés
physiques et chimiques d’ une halde de sériles exigante et d'identifier les processus clés contribuants
alagénéraion du drainage minier acide.

Le comité de prédiction du NEDEM a mandaté un groupe d experts-consultants (I’équipe de
révison par les pairs) afin de réviser les éudes rédisées sur lahdde sud. Larévison par lespars a
éé effectuée sdon cing composantes techniques indépendantes, soit: (i) I"hydrologie; (ii) la
géotechnique et I’hydrogeologie; (iii) la géochimie et la minérdogie; (iv) la microbiologie et (v) la
modéisation prédictive. L’ équipe de révison a passé en revue les aspects techniques et scientifiques
des dix rapports fournis par le comité de prédiction du NEDEM en pré&ant une attention particuliere
a I'andyse critique des points forts et faibles, en mettant en évidence I'information et les
connaissances houvelles issues de ces éudes et en suggérant des avenues pour des travaux futurs.
Ce rgpport présente les commentaires de I’ équipe de révision sur I’ é&ude de la Mine Doyon.

La concluson générde du comité de révison est que I’ é&ude de la Mine Doyon fournit une nouvele
compréhension de certaines questions techniques spécifiques et dle représente une éude de cas
gpprofondie et exceptionnellement bien documentée. Le comité de révison a auss identifi€, dansles
rgpports, un nombre d'inconsstance et derreurs techniques occasonndles qui devraient ére
corrigées. Les incongstances ont été relevées principaement dans les premiers rgpports, soit ceux
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qui n'ont pu bénéficier des réaultats d’ é&udes complétes, les contraintes budgétaires et de temps étant
des facteurs contributifs.
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1. INTRODUCTION

1.1 Background

The Mine Environmenta Neutral Drainage Program (MEND), through its Federd, Provincia and
Industrial partners, has sponsored studies from 1990 to 1994 on Acid Mine Drainage (AMD)
mechanisms at the south waste rock dump, La Mine Doyon, Québec. The studies were carried out
by Groupe de Recherche en Géologie de I'Ingénieur (GREGI), Départment de Génie Géologique,
Faculté des Sciences et de Génie, Universté Lava, Sainte-Foy, Québec and Dr. Roger Guay
representing both EnviroMine Inc., L'Ancienne-Lorette, Québec and Départment de Microbiologie,
Faculté de Medecine, Université Laval, Sainte-Foy, Québec.

Mogt of the results of the studies have been incorporated in a series of ten reports which are
referenced at the end of this Chapter. Eight of the reports have been prepared by various personnel
of GREGI and two of the reports have been prepared by Dr. Roger Guay. With the exception of
two GREGI reports (GREGI, 1991-19 and GREGI, 1994-04), the reports have been issued as
MEND documents. The ten reports (referred to collectively as the MEND reports) form the data
base for the peer review of acid mine drainage mechanisms a the Mine Doyon south dump.
Additiond data collection and studies have been carried out after publication of the ten reports,
however, this additiona information has not been incorporated in the peer review.

1.2 Objectives of MEND Program for South Dump

The overall objectives of the MEND Program at the south dump are provided in the Statement of
Work for the peer review, a copy of which is included in Appendix A. These objectives are
summarized asfollows

1.  Document AMD conditions and evauate dry cover for control of AMD conditions.

2.  EBEvauae physico-chemicd and mechanica characterigtics of four main rock units to assess
their susceptibility to weathering and AMD production.

3. Useexiging boreholes drilled through the dump to:
Sample groundwater at base of dump;

Trap microorganisms potentialy responsble for AMD;
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Evduate kinetics of acid production in experimental conditions smulating waste rock
dumps, and

Corrdate physico-chemical conditions to the most probable microbiologica mechanisms
in acid generation under aerobic conditions.

4.  Edablish the water budget for the south dump.

5. Develop a minerdogicd index to describe and characterize minerd transformations in acid
producing waste dumps with reference to Mine Doyon.

More detailed objectives for the specific technica components of the south dump study program are
given in the individua MEND reports.

1.3 Objectivesfor Peer Review of MEND Reports

The objectives for the peer review of the MEND reports as provided in the Statement of Work for
the project are summarized as follows:

1. Peformatechnicd and stientific review (including overdl judgment of the work and a critique
of the strong and week points of the work) of al aspects of the Mine Doyon work included in
the ten MEND reports.

2.  Determine what new information and understanding was developed from the project.

3. Indicate how the new information and understanding can be used to predict, abate or control
the generation of AMD in waste rock dumps.

4.  Suggest aressfor future work (and additiona information requirements) with agod to:

Increase the understanding of AMD production in waste rock dumps; and
Devedop viable technology for predicting the effects of remediad technology.

5.  Provide an estimate of cost for the suggested future work.
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1.4 Peer Review Team and Approach to Review

The Statement of Work for the project indicated that the following organizations and key personnel
would provide expert consultants to form the Peer Review Team:

Geocon, Divison of SNC-LAVALIN Environment Inc. (Geocon)
(Mr. Les MacPhie)

Unité de Recherche et de Service en Technologie Minérde (URSTM)
(Mr. DenisBois)

Noranda Technology Centre (NTC)
(Mr. Michad Li)

Senes Consultants Limited (Senes)
(Ms. Carol Pettit)

It was further indicated in the Statement of Work that Geocon act as Lead Contractor for the
project. Based on the guidelines provided for the project, the following technical components of the
review were identified:

Hydrology

Geotechnology and Hydrogeology
Geochemistry

Microbiology

Predictive Modeling

The approach taken for the scientific and technica review wasto assign primary review responsbility
of agpecific technical component to the organization with the most revant experience and personnd
for thetask. The approach was further refined by assigning secondary review responghility for each
technica component to a separate organization. The primary review responghility included detaled
review of the MEND reports relevant to the assigned technica component and preparation of the
peer review comments. The secondary review responghility included generd review of MEND
reports relevant to the assigned technical component and review input to the comments prepared by
the primary reviewer. The Peer Review Team and assgned technical components resulting from the
above gpproach are summarized on Table 1-1 together with reference to the MEND reports relevant
to each technical component. Overdl coordination of the peer review was provided by Geocon
acting as Lead Contractor.
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A draft version of the peer review report was submitted to MEND (who solicited comments from 5
selected reviewers) and the draft report was aso provided to the researchers for comment. The
comments received were reviewed by the peer review team and the necessary modifications resulting
from them were incorporated to produce the present Find Report.

1.5 Organization of Report

Chapter 2.0 of this report provides a brief description of the site location and history. Chapters 3.0
to 7.0 provide the peer review comments on Hydrology, Geotechnology and Hydrogeology,
Geochemistry and Minerdogy, Microbiology and Predictive Modeling respectively.

A reasonably consstent format has been used for Chapters 3.0 to 7.0 and the contents of each
Chapter essentidly follow the peer review objectives defined in Article 1.3. Following the technica
and scientific review, each Chapter includes comments on new understandings developed from the
Mine Doyon study and the possible gpplication of these new understandings. Also, in accordance
with the peer review objectives, areas for future work are identified. A summary of the peer review
is provided at the end of Chapters 3.0 to 7.0. Reference should be made to these summaries for
specific conclusons on each of the technicad components identified for the peer review.

Chapter 8.0 provides brief overall conclusions with respect to the technica approaches used to
investigate and andyze the Mine Doyon south dump and with respect to presentation and technica
detailsin the ten MEND reports reviewed.

References are included at the end of each Chapter.
Appendix A includes the Statement of Work for peer review.

At the request of the MEND Prediction Committee, Appendix B (bound separately) contains specific
editorid comments on the ten MEND reports to asss in findizing these reports. Many of the
comments in Appendix B have aready been discussed as part of the Peer Review Report.
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TABLE 1-1

Peer Review Team and Assigned Technical Components

Peer Review Team Assigned Relevant
Technical MEND
Component Reports
Primary Review Secondary Review
Geocon NTC Hydrology GREGI, 1994-06
- Mr. LesMacPhie - Mr. Luc St-Arnaud (Chapter 3) |GREGI, 1994-12
- Mr. Bertrand Mass2
URSTM Geocon Geotechnology and/GREGI, 1991-19
- Mr. DenisBois - Mr. LesMacPhie Hydrogeology |GREGI, 1994-6
- Dr.JacquesOuellet - Dr.NarendraVerma (Chapter 4) |GREGI, 1994-12
- Mr.BrunoBussiére
NTC Senes Geochemistry [GREGI, 1991-19; GREGI, 1993-03;
- Mr. Michad Li - Ms. Carol Pettit (Chapter 5)  |GREGI, 1993-04; GREGI, 1993-05;
- Dr. Jeno Scharer GREGI, 1994-04; GREGI, 1994-06;
GREGI, 1994-12
URSTM Senes Microbiology |Guay, 1993;
- Mr. DenisBois - Ms. Carol Pettit (Chapter 6)  |Guay, 1994,
- Dr. Lucie St-Amand - Dr.Jeno Scharer GREGI, 1994-12
- Dr. Francois Godard
NTC
- Ms. Pascale St-Germain
Senes NTC Predictive GREGI, 1991-19; GREGI, 1993-03;
- Ms. Carol Pettit - Mr. Michad Li Modeling GREGI, 1993-04; GREGI, 1993-05;
- Dr.Jeno Scharer (Chapter 7)  |GREGI, 1994-06; GREGI, 1994-12
Geocon

- Dr.Kevin Morin*
(Specialist Advisor)

* Dr. Kevin Morin of Morwijk Enterprises Ltd., Vancouver, B.C., acted as specialist advisor to Geocon on

predictive modeling
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2. SITELOCATION AND HISTORY

2.1 Site L ocation

La Mine Doyon is located between Rouyn-Noranda and Va d'Or, Québec as illustrated on Figure
2-1. More specificaly the siteislocated about 3 km north of Highway 117 and directly northwest of
Riviére Bousguet as shown on Figure 2-2. The Ste is located within the watershed limits of Riviere
Bousquet which flows to the northeast from the Site to Lac Chassignolle over a distance of about 5
km. Fow from Lac Chassignolle eventualy reports to the Riviére des Outaouais sysem via Lac
Preissac and Riviere Kinojevis.

2.2 SiteHistory

The following brief higtory of La Mine Doyon is extracted from two of the GREGI reports (GREGI,
1991-19 and GREGI, 1994-12). Mine operations started in 1978 and open pit mining was carried
out from 1978 to 1989. Underground mining was started in 1989 at which time open pit mining was
stopped. During the open pit phase of the operation, two open pits (the main pit and the west pit)
were developed and two waste dumps (the north dump and the south dump) were constructed. The
north dump was congtructed initidly and received overburden stripping plus waste rock. The south
dump was congtructed from 1983 to 1988 and received waste rock from the main pit, minor
amounts of overburden and the less reactive waste rock from the west pit. Figure 2-3 illugtrates the
layout of the Mine Doyon site including the open pits and the dumps.

Theorigina ground within the limits of the south dump was origindly drained by two small sreams as
illugtrated by the origina ground contours and drainage courses on Figure 2-4. Mogt of the origind
ground within the south dump limits drains to the northwest with a smdler part draining to the esst.
Also asmdl part of the northeast corner drains to the northeast. The trees were cleared at the south
dump before placement of waste rock to the existing configuration shown on Figure 2-5. The
exising south dump covers an area of about 53 ha and contains an estimated 21 million tonnes of
wagte rock having a volume of about 11.5 million cubic metres and an average thickness of about 30
m.

Figure 2-6 is an aerid photograph of the Mine Doyon Ste taken in 1972 before development of the
mine. The outline of the south dump is shown on this figure with respect to Riviere Bousguet. Figure
2-7 is an aerid photograph of the dite taken in 1983 and shows the initid fills placed at the south
dump as well as the limits cleared for the dump. Figure 2-8 is an aerid photograph of the Ste taken
in 1994 and illugtrates the present condition of the south dump.
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The acidic drainage problem at the south dump became apparent in 1985, two years after the dump
was darted. Acid generation increased steadily from 1985 to 1988 and has continued a a
reasonably congtant rate since 1988. The acidic drainage from the south dump is collected and
treated using a high density dudge process (Firlotte et d., 1991).

2.3 References

Firlotte, F.W., Gdlinas, P., Knapp, R. and McMullen, J,, 1991. Acid drainage treatment at the Mine
Doyon: Evolution and future direction. Proceedings of Second Internationd Conference on the
Abatement of Acidic Drainage, Montreal, September 16-18, val. 4, pp. 119-139.
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Bérubé, M., Theriault, D. et Masson, A.). Evaduation du drainage minier acide et des barrieres
séches pour les haldes de stérils: Etude du site de laMine Doyon. Rapport GREGI 91-19, Juillet.

GREGI, 1994-12 (Gélinas, P., Lefebvre, R., Choquette, M., Isabel, D., Locat, J. and Guay, R.).
Monitoring and modeling of acid mine drainage from waste rock dumps, la Mine Doyon case study.
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Figure 2-1
Location Map of La Mine Doyon

(after GREGI, 1994-12)
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Figure 2-3
Schematic Plan of La Mine Doyon Site
(after GREGI, 1994-12)
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Figure  2-4
Original Topography of South Dump (after GREGI, 1991-19)
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Figure 2-5
Pian of Compieted South Dump
(after GREGI, 1994-12)
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Figure 2-6
1972 Aerial Photo of La Mine Doyon Site
Before Development
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3. HYDROLOGY

3.1 Gener al

A hydrology study was conducted with the purpose of establishing the water budget for the south
waste rock dump a La Mine Doyon. The study was performed by the GREGI research team at
Université Laval and the results are presented in a report (GREGI, 1994-05) which is referred to
herein as the water budget report. The objectives of the study were described in the water budget
report (p.3) and are summarized as follows:

To present the hydrologica data mede available by the various ongoing characterization
programs & LaMine Doyon;

To present both classcd and innovative methodologies used to monitor the hydrologica
processes a the mine site; and

To present a comprehensive water budget of the south dump.

Classcd hydrologicad methods were used for the andysis of meteorologica and climatic data
collected at nearby weether ations as well as a the automatic weather Sation located on the ste.
More innovative methods, like computer modeling, were used to estimate hydrologica variables that
cannot be measured.

3.2 Hydrologic Data Collection

Regional M eteor ological Data

Three weather daions are in operation in the region. They are the Kingjevis River dation
(#7086630), the Amos sation (#7090120) and the Va d'Or airport station (#7098600). The
dtations are located at distances ranging between 25 and 60 km from Mine Doyon, the closest being
the Kinogjevis daion. At the time of the study, complete dally data sets of precipitation and
temperature were available for the years 1991 and 1992.

On-ste M eteorological | nstrumentation

An automated weether station has been in operation on the ste since March 1992. That dation
records precipitation, temperature and relative humidity and, since June 1992, atmospheric pressure
at 15-minute intervas. However, the records are not complete due to various system testing and
adjusments, as well as operationd errors and a drike of technicians in the spring and summer of
1992.
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On-site Hydrological | nstrumentation

The locad hydrologicd instrumentation is composed of welr daions, piezometers and lysmeters
sations.

The three welr stations, or runoff gauging stations, are located at the end of ditches that circle the
south dump.  The flowmeters have displays of cumulative runoff volumes which are recorded weekly
by the operator. The stations are not operated during winter due to ice formation.

A series of piezometers used to measure water levels are in operation at the south dump since 1991.
Infiltration is measured Since the summer of 1992 by a series of lysmeters buried at various depthsin
the south dump.

3.3 Hydrologic Data Analyses

The collected data sets were used to assess the various dements of the south dump water budget.
Three different analyses were performed:

Edtimation of annua and monthly hydrologic budgets based on meteorologica data and on
base flow separation of recorded hydrographs at weir Sations,

Andyss of some single rainfal-runoff events using the unit hydrograph technique; and

Assessment of the groundwater flow component a the site with the help of a numerica
hydrogeologica modd.

The application of these techniques first required an analyss of the various types of data collected a
the ste and at nearby westher Sations.

Precipitation data

The monthly digtributions of precipitation for 1991 and 1992 were derived by weighting the monthly
precipitations recorded at the three regiona weather stations. The relative weight of each station was
assumed proportiona to the inverse of the distance between the station and the Mine Doyon Site:

1
=8 —
AR

where 1, is the monthly weighted precipitetion a Mine Doyon; |; is the recorded monthly
precipitation at sation i; r; isthe distance between gation i and Mine Doyon; and R is given by:

10
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o 1
R:ar—

i=1 i
Thisisaclasscd method for determining precipitation at a particular location.
Runoff

The data collected at the weir stations were available on graphical support only. Numerica data
could only be obtained by manudly digitizing the digplay which was difficult due to lack of adequate
time reference. However, weekly runoff totals, hand-recorded by operators, were available. The
weekly records were converted into daily flowrates by assgning congtant discharges for al days of a
particular week. Missing data for the winter periods were interpolated assuming constant base flow
rates between sporadical measurements obtained by bresking the ice cover. A more standard
method for interpolating winter flows is to assume a recesson curve since this better reflects the
expected variaion of base flow during the winter. The recession curve could be fitted to the available
flow data recorded during the winter months.

Figure 5 of the water budget report shows two peaks for the soring snowmet at station W-511 while
only one peek is gpparent for the two other stations. The authors explain the discrepancy by the
morphology and orientation of each basin. Basin 511 is facing south and is steeper than the others.
Snow accumulation at the toe of the dump responds very rapidly to changes in temperature on a day
to day bass and little water is contributed by the dump itsdf. Basin 510 is facing north west and
north and it contains about 80% of the waste dump. Its flow is more important and always more
evenly digtributed than the other basins.

Infiltration

Graphs of cumulative infiltration heights were produced based on measurements carried out a the
lysmeter dations. Figures 8 and 9 of the water budget report show a net increase in infiltration
during the snowmdt period. The annud infiltration height is about 450 mm at ation T92-1 and 300
mm at daion T92-2. The smdler infiltration height for the laiter sation could be explained by its
location in a highly reactive zone where strong heat losses are observed a the dump surface.
Variahility in gradation and compaction of the dump materid at these two stations could aso be a
contributing factor. The authors consder that the oring 1993 infiltration estimates are not reliable
because the moisture in the top layer of the soil has not stabilized due to late ingtdlation of the gravity
lysmetersin summer 1992.

11
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3.3.1  Annual and Monthly Hydrologic Budgets

Base Flow Separ ation for the Whole Basin

For the entire watershed, the base flow component of recorded runoff hydrographs was obtained by
a graphica hydrograph separation method. The results of that analyss are presented in Table 5 of
the water budget report and it is mentioned in the text (p.23) that

"...The hydrograph is traced on semilog paper and recession curves appear as linear slopes
tangent to the lower part of the hydrograph curve. This kind of graphical presentation is
included in Appendix C".

While this method of flow separation is sandard, if one looks at the curves of Appendix C it looks
very difficult, if not impossible, to trace linear dopes tangent to the lower part of the hydrograph
curve. This is due to the linear interpolation method that was used to obtain daily discharges from
weekly records. Therefore the results of base flow separation presented in Table 5 are questionable.
It is believed that better results would have been obtained if the hydrographs had first been
smoothed.

Since 1994, anew digita recording system has been used and more reliable results were obtained.

Waste Rock Dump Base Flow

The base flow component applicable to the waste rock dump was estimated by subdividing the
whole watershed into subbasins representative of the type of soil surface. Four types of soils were
identified: vegetation, earth fill, bedrock outcrop and waste rock. Table 7 of the water budget report
shows the areas for each type of soil surface. An error can be noted in that table for the earth fill
area covered by welr gtation 510: the area of subbasin #18 is missing. This error aso affects the
results of Table 8: the waste rock dump base flow component should be increased by about 7 to 8%.
In any case, it can be concluded that most of the base flow comes from the waste rock dump.

Water Budget

Section 3.1 of the water budget report (p.21) is supposed to result in annua and monthly water
budgets. Actudly, no such results appear: there is a monthly distribution of precipitation but no
monthly digtributions of runoff, base flow, infiltration or eveporation.

3.3.2 Single Rainfall Runoff Events Analysis

The purpose of this part of the water budget report (Section 3.2) is to assess the temporad relation
between rainfdl and runoff for some sngle rainfal-runoff events on the waste rock dump. It is

12
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mentioned that the classica unit hydrograph is used to perform that assessment. Actudly, the method
used is the so-cdled "Ingtantaneous Unit Hydrograph (IUH)" method which differs from the former
by the fact that the IUH method corresponds to the runoff resulting form a sorm of duration
approaching 0. The equation for discharge presented on page 31 of the water budget report aso
contains an error; it should read:

1 ..n-1 i
Q= £O e
k(n- 1) &k

The agpplication of the method appears correct. However, the objective is not fulfilled since it is not
possible to derive any information applicable to the waste rock dump in particular. The andyss is
based on recorded hydrographs measured at the outlets of the watershed, not near the waste dump.
It is therefore impossible to extrapolate the results to the waste dump. Section 3.2.2 of the water
budget report could be discarded without affecting any of the conclusions or could be included as an
Appendix to the report.

3.3.3  Hydrogeological Modelling

The only comment that will be made here is that the recharge rate used for the modeling is assumed
to be 260 mm/year, as per the vaues in Table 8 of the report. However, it was mentioned in Article
3.3.1 above that an error in Table 7 had as a consequence that the values in Table 8 should be
increased by 7 to 8%. This should be taken into account in the hydrogeological moddling.

3.4 Water Budget for Waste Dump

The results of the water budget andysis for the waste dump are presented in Section 3.4 of the water
budget report.

Precipitation

Based on the three regiona weather tations, the average annual precipitation for the period 1991-
1992 is 855 mm, of which about 25 to 30% comes from snow. This is very close to the average
precipitation for the period 1941-1970 according to the "Hydrologicd Atlas of Canada'
(Environment Canada, 1978). The Atlas also says that the average annua snow accumulation for the
areais 240 mm, which represents 28% of the totd precipitation.

Runoff

13
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For the three years for which there were flow rate measurements, the average runoff over the whole
watershed was 240 mm. For the years 1991 and 1992, the average runoff is 250 mm. When
edtablishing the water budget, the latter figure should be retained since it corresponds to the runoff for
the years for which precipitation data are available.

The base flow for the waste dump was estimated by numerica hydrogeologica modding and the
result is 200 mm per year. The water budget report says that base flow was dso estimated by
hydrograph separation which resulted in 213 mm annudly. However, no detall of the latter
procedure is given in the water budget report. Moreover, hydrograph separation could only be
performed with hydrographs from the whole watershed and the result (213 mm) is therefore
representative of the whole basin only, and it should not be directly applied to the waste dump.

The surface runoff is the difference between totd runoff and base flow. For the waste dump the
surface runoff is therefore estimated a 250 - 200 = 50 mm annualy.

Groundwater |osses

The groundwater losses were estimated on a preliminary bass by hydrogeologicd modding at
70 mm per year, but thisfigure is by no means definitive.

Evaporation

Direct measurements of evaporation are seldom made and its vaue is commonly established by the
water budget method:

E=P-Qg-Qr-G-DS

where E is evaporation; P is precipitation; @ is the base flow; @ is the surface runoff; G is the
groundwater loss; and DS is the change in storage.

From the above equation, the sum of evgporation and change In dorage s
855 - 200 - 50 - 70 = 535 mm/year.

According to the "Hydrologica Atlas of Canadd' the average annual evapotrangpiration for the Mine
Doyon aea is aout 400 mm. Since there is no vegetation on the waste dump, the
evgpotranspiration will consst essentidly of evgporation. In norma conditions this is the vaue
expected for the area. However, a waste dump producing acid mine drainage (AMD) is affected
with ingde temperatures that can be much higher than the surface ar temperature. The temperature
deep insde the dump can be as high as 65°C (GREGI, 1993-03, p.9). Thiswill result in a high rate
of evaporation. Of course, a substantial portion of the water vapor will condense at the surface of
the dump, but especidly during windy days, part of the water vapor will be transported from the

14
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wadte dump. Therefore it is expected that the total amount of evaporation in the dump will exceed
the annua average for the area and should lie between 400 and 500 mm per year.

In the water budget report, the change in storage was estimated at 213 to 237 mm/year, which
reduces evaporation to 308 to 332 mm/year. This seems much too low and the authors probably
realized that since in a later report (GREGI, 1994-12, p.4.32) the change in storage was lowered to
40-45 mm and the evaporation was estimated at about 500 mm/year. The authors judtify the change
by the fact that the retention or change in storage must have been quite high initidly due to the
probably low water content during the early years of the waste dump. Since then, fidd capacity must
have been reached and the actud lower estimate of the change in storage reflects the continuing
disaggregation of rock fragmentsinto smaler particles leading to more capillary retention.

3.5 New Under sanding | dentified from Review

No new hydrologic techniques were employed to establish the water budget. All the methods used
are standard. However, the work carried out represents a detailed application of standard methods
to develop the water budget for awaste rock dump.

3.6 Application of New Under sanding

The agpplication of new understanding is not discussed since no new hydrologic techniques were used
to carry out the water budget for the south dump.

3.7 Futur e Studies and Associated Costs

It is understood that the on-site weather gtation is located on the roof top of the mill. Thisis rather
unusua as it will affect the accuracy of the measurements due to wind exposure. It is strongly
recommended to move the gation to ground level in more appropriate location. For the time being, it
is agreed with the authors that the data collected &t the on-gte Station are unreliable.

Better estimates of surface runoff and base flow from the east part of the dump (Stations 511 and
512) could be obtained by ingdling new weir gations on the ditches closer to the dump. Such
ingallations may aso require new sections of drainage ditch and thus the total cost cannot be readily
estimated. However, an dlowance of some $20,000 to $30,000 is considered appropriate for this
task. Flow measurements at these stations should be performed dally.
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The main weaknesses of the study (GREGI, 1995-05) concern the evauation of the change in
gtorage and the estimation of evaporation. The sum of these two components of the water budget is
edimated at 535 mm, which sounds reasonable. However, the breakdown into evaporation and
change in storage was derived somewhat arbitrarily. As suggested by the authors, some effort should
be devoted to obtain a better evauation of evaporation. The energy budget and mass transfer
technique could be employed for that purpose. The cost of andyses related to these studies would
be equivaent to about 4 to 6 weeks of technical time.

3.8 Smmary

All the methods used in the study are standard and no red innovative technology was employed.
Based on the present on-gite instrumentation, it is hardly possible to obtain better results for the water
budget than those presented. Table 3-1 summarizes the water budget for the waste dump.

Table3-1

South Dump Water Budget

Component Symboal Amount (mm/year)
Precipitation P 855
Base flow Qo 200
Surface runoff Qs 50
Totd runoff R=0Q,+ Qs 250
Groundwater losses G 70
Change in storage S 45
Infiltration | =Q,+ G+ DS 315
Evaporation E 490

The study presents some weaknesses related to evaluation of change in storage and evaporation.
Better estimates (or confirmation of existing estimates) could be made for some components of the
water budget. A better assessment of base flow and surface runoff would be obtained by exploiting
weir gations located closer to the south dump. Findly, it could be possible to better estimate the
evaporation losses by employing the energy budget and the mass transfer technique.
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4. GEOTECHNOLOGY AND HYDROGEOL OGY

4.1 I ntroduction

The Mine Doyon waste rock dump generates a Sgnificant quantity of acidic drainage. One of the
more efficient methods to prevent the generation of acidic drainage in waste rock dumps is the
congruction of dry barriers to limit the inflow of oxygen and water into the waste rock (i.e. Yanful et
al., 1993; O'Kane et d., 1995). One of the objectives of the MEND project for Mine Doyon south
wadte rock dump was to evauate the feasibility of usng a dry barrier to limit the generation of acidic
dranage. The south dump contains 20.7 million tonnes of waste rock and covers an area of
approximately 54 hectares. This Chapter of the report reviews al the aspects related to the design of
adry barrier. These aspects are covered in GREGI Reports 91-19 (including Appendices A, B, C
and D) and 94-05 (GREGI, 1991-19 and GREGI, 1994-05).

To evduate the feashility of congructing a dry barrier, an inventory and a characterization of the
natural materids available in the Mine Doyon area was carried out. Maerids originaing from mine
operations such as mining residues and high density dudge (HDS), were adso sudied. The physica
principles related to dry barriers are explained by the GREGI researchers. As will be seen later,
these principles, as explained by GREGI, do not correspond to what is considered today as atypical
dry barrier. Computer modeling using the HELP program was dso carried out. This software is
usudly used for landfill Stes.

This Chapter aso dedl's with aspects rdated to the Site hydrogeology. The documents covering the
hydrogeology of the dump are GREGI Reports 91-19 and 94-05. To evduate the infiltration into
bedrock, some modeling was carried out using the MODFLOW software. Aswill be seenin Article
4.5, many questions remain with respect to flow through bedrock.

4.2 M aterials | nventory

To evduate the possihility of covering the south dump with a barrier to prevent the generation of
acidic drainage, a detaled overburden inventory was carried out in the immediate area of Mine
Doyon, that is, within aradius of 10 km. Cartography of the east part of the region was carried out
by Tremblay (1974). During the summer of 1990, a detalled aerid photographic survey and the
description of 48 vidt points, 8 auger holes, 1 test pit and 48 verification points alowed the
identification of potential Stes containing overburden materids which could be used for the
condruction of dry barriers. Potentid sites were identified for till, sand and grave, and clay. Till is
found over large areas but in thin layers. Asfor the clay, the crust isat most 1.5 m thick which means
that its extraction, in large volumes, would require large areas. The sands and gravels are mainly
found in eskers located in the west and southwest sectors.
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In addition to naturd materids, GREGI sudied materids originating from mining operations, namely
mining residues (concentrator spoils) and high densty dudge (HDS) from the water trestment plant.
The mining resdues studied originated from the unused talings area of Mine Doyon. The
accumulation area covers about 80 hectares and contains more than 5 million tonnes of mining
residues.

4.3 Geotechnical Characteristics of the Various Materials

The various materias sudied were characterized from a geotechnica point of view. A summary of
the geotechnica properties of each materia is presented below.

431 Clay

The clays from four deposts located close to the Mine Doyon site were studied, namely deposits
A8-1, A8-2, A8-6 and A10. The location of the sites studied is presented in Figure 3.4 of GREGI
Report 91-19, with the exception of ste A10 whaose location is not included in any of the documents.

4.3.1.1 General Characteristicsof the Deposits

Depost A8-1 condds of high pladticity sty clay (liquid limit of 60 to 73%) with a liquidity index of
the order of 0.2 down to a depth of 1.3 m which increases and varies from 0.7 to 0.8 for depths
between 1.5 to 3 m. The hydraulic conductivity (k) of a sample from test pit A8-1-1 was measured
at 2.8x 10 m/s. It should be noted that al permesbility tests for this work were carried out using a
flexible wal permeameter and that the samples were compacted to standard Proctor energy.

The geotechnical characterigtics of the A8-2 deposit were evauated through Soundings PUHA8-2-1
and PrA8-2-2. Sounding Pu-A8-2-1, which was carried out to the north of the deposit, indicates
the presence of a slt with alow proportion of clay (3 to 17%). Sounding PuA8-2-2, taken at the
south end of the deposit, indicates a materid with a higher plagticity than in the north area (liquid limit
of 39% and 28%, respectively) as well as a clay percentage of 45%. The hydraulic conductivity (k)
messured on a sample from Sounding Pu-A8-2-2 indicated a k value of 2.2 x 10%° my/s,

Asfor depost A10, two samples have shown that it consists of gt or slty sand with little or no clay
(0to 12%).

4.3.1.2 Geotechnical Characteristics of Clay Deposit A8-1-2
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To evduate the possibility of usng clay as a component for an impermegble layer, a mixture of
samples retrieved from Test Pit A8-1-2 between 0.25 and 1.5 m was subjected to further study. A
mineradlogica andyss usng X-Ray Diffractometry enabled the identification of the mineralogica
compoasition of this mixture. Quartz, plagioclase and calcite are the abundant minera phases. Also
found in lesser quantities are illite, chlorite and traces of dolomite.

The generd characterigtics of the sample are as follows  the specific gravity dengty is 2.71, the
natura water content is 34-36%, the liquid and plagtic limits are respectively 66% and 34.5%, the
percentage of clay particlesis 75% and the activity isin the order of 0.42.

In terms of compaction characteritics, the standard Proctor test indicates an optimum water content
Wopt Of 33.5% and a dry density of 1394 kg/n?. On the wet side of optimum, the degree of
saturation is about 97%.

Severd permesability tests were carried out on the clay. The main findings are as follows:

The hydraulic conductivity of the saturated soil is of the order of 2 x 10™° mv/s on the wet side
of optimum Proctor and about fifty times grester on the dry sde. This is typicd of clay
behavior, as reported by severd authors (i.e. Mitchell et d., 1965; Lerouell et d., 1992).

The hydraulic conductivity (k) of the unsaturated clay is smdler than when saturated. On the
wet sde of the Proctor curve, the unsaturated k is smaler by a factor of 3 whereas the
unsaturated k is smdler by a factor of 20 on the dry 9de. Again, this behavior is typica of

clays.

The hydraulic conductivity is increased by freeze-thaw cycles. After afird cycle, the hydraulic
conductivity is increased by a factor of 5 for both saturated and unsaturated conditions. It is
noted, based on the tests carried out for this study, thet the hydraulic conductivity changes after
severd freeze-thaw cycles. Indeed, after five freeze-thaw cycles, the hydraulic conductivity is
only double what it was originaly. A word of caution is, however, warranted with respect to
this phenomenon of return to initid hydraulic conductivity. From the literature, this observation
is difficult to support. For instance, the work by Mohamed et d., (1993) on clay used as
congtruction materid for the experimenta cdlls of the Waite-Amulet site near Rouyn-Noranda
did not show this phenomenon.

Tests were carried out to andyze the shrinkage potentia of the clay studied. The results obtained
show a large dhrinkage for the clay. Such shrinkage inevitably leads to cracking and thus, increases
the permeability to water and air.
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432 Tills

Potentid till stes were identified and are listed on Figure 3.2 of GREGI Report 91-19. These Sites
are numbered T13-1, T12-1, T14-1, T7-4, T3-5and T3-1.

4.3.2.1 Geotechnical Characteristicsof theTills

Grain size analyses carried out on 10 samples from the above sites showed that the tills contain from
10% to 30% gravel, 45% to 60% sand and 15% to 30% sSilt. Till samples recovered close to the
taillings area by Golder contained from 9% to 16% gravel, 55% to 72% sand and 18% to 33% 4.
Additiona geotechnicd tests were conducted on the above tills, namely compaction tests (standard
Proctor) and direct shear tests.

The standard Proctor compaction tests have indicated a dry density of 2050 and 2090 kg/nT at an
optimum water content of 6.6 and 8.7% for the Golder and Laval University samples, respectively.

As for the direct shear tests, they were carried out on till samples from deposit T14 which were
compacted to conditions similar to optimum Proctor. The results obtained show a friction angle of
37° a high strain whereas peak friction angles of greater than 43° were obtained at low drain.

The till studied was not subjected to permesbility tests. However, GREGI Report 91-19 states that
the hydraulic conductivity of the till may be esimated a 10° m/s. The method used or the reference
work supporting this vaue is not mentioned.

433 Sandsand Graveds

The sole geotechnical characteristic studied for the sands and gravels was the gradation. Ten
samples were retrieved from deposits S1 and S2, the locations of which are shown on Figure 3.3 of
GREGI Report 91-19. The grain sze andyses were carried out using those samples. The S2
deposit conssts mainly of coarse sand with gravel and sandy gravel. However, one of the samples
gppears to be much finer and is more like a sandy silt. The Sl deposit appears to be more
heterogeneous as the gt fraction varies from 10 to 75%. It is congdered that medium to fine sands
are present. As for the 4 deposit, no sample was retrieved. However, verification points indicate
that it conssts of medium to coarse sands with gravel and cobbles.

434 Mining Residues
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The spoils from the concentrator are termed mining residues in this text. In the study, geotechnica
tests were carried out on intact mining residues and on mining residues amended with bentonite, high
density dudge, Portland cement and lime.

4.3.4.1 Intact Mining Residues

Geotechnicd tests were carried out to characterize the mining resdues from Mine Doyon, namely
tests to determine the specific gravity of solids, the gradation, and the compaction and shear strength
characterigtics.

The specific gravity of solids was measured a 2.88. The gran size of the mining resdues
corresponds to a st with a Dy (grain diameter at 10% passing by weight) of 0.0035 mm and a
coefficient of uniformity (C,) of 6. A minerdogica andyss by X-Ray Diffractometry enabled a
quaitetive determination of the main mineradls. The main minerd phases identified are quartz (40%),
sericite (30%), chlorite (11%), pyrite (7%) and plagioclase feldspar (4%). These results agree with
other research work on the Mine Doyon residues (Aubertin and Bussiére, 1991; Bussere et d.,
1995).

As for the compaction characteristics, the standard Proctor optimum water content and dry density
are 17% and 1730 kg/nT, respectively. The hydraulic conductivity (k) a optimum Proctor (in
unsaturated conditions) is about 2 x 10™ m/s whereas k when compacted dry of optimum Proctor in
saturated conditions is about 2 x 107 m/s. The permeebility tests were carried out in a flexible wall
permeameter under ahydraulic gradient (i) of 10. The saturated k va ue agrees with val ues measured
on other types of hard rock mining residues (Aubertin et d., 1993b).

The direct shear test results indicate a friction angle of 37° & high strain. This rdatively high friction
angleis explained by the angular nature of the particles.

4.3.4.2 Mining Residues Amended with Bentonite

To reduce ther hydraulic conductivity, the mining resdues were amended with bentonite.  The
permesbility tests were carried out a a water content 2% higher than the standard Proctor optimum
water content in order to promote hydration of the bentonite. The permeshility tests were conducted
in a flexible wall permeameter under saturated and unsaturated conditions, and under a hydraulic
gradient (i) of 10. The addition of 8% of bentonite was required to reduce the hydraulic conductivity
(k) by one order of magnitude. This small reduction is explained by the fact that the mining resdues
present a uniform gradation. Permesbility tests were carried out a Ecole Polytechnique on mining
residues amended with bentonite (Aubertin et d., 1995; Ricard, 1994). The permesbility tests were
conducted at various compaction levels to evauate the effect of the voids ratio on the value of k. A
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flexible wall permeameter was used in the study to measure k. The results obtained have shown the
effect of bentonite on the hydraulic conductivity. The reduction of k for the addition of about 6% by
dry weight of bentonite is gpproximately one order of magnitude, which is smilar to what was
measured by GREGI.

The dhrinkage of this amended materid was aso measured. The percent of dhrinkage dightly
increases with the percent of bentonite. However, this percent islow and is smaller than 2%.

4.3.4.3 Mining Residues Amended with High Density Sludge

The possihility of usng a mixture of mining residues and high densty dudge (HDS) was examined in
the course of this project. Trid percentages of 5% and 10% of dudge were used to amend the
resdues. The results obtained were not very conclusve. The main difficulties encountered were
related to the water content of the dudge which was too high and the impossibility of preparing a
homogeneous mix. As aresult, the hydraulic conductivity of the mining residues was not affected by
the amendment with high dengty dudge.

4.3.4.4 Other Amendmentsof the Mining Residues

Other types of amendments were studied to observe their impact on the mechanical properties of the
mining resdues. The amendment materids used were lime (98% pure hydrated lime), Portland
cement aswdl as HDS. The maximum amount of additives was set a 5% totd (by dry weight). The
mixtures were made using dry materids (except the mixtures with HDS) and the curing periods were
st at 100 days. Two series were made: first atrid series with the addition of 5% of lime, and a
second complete series with al of the other additives. For each series, reference samples were

prepared in pardld.

The first series of tests showed that the physcad and chemicad properties of the resdues were
affected by the presence of lime (4%). The intact strength reaches a vaue of 1.8 kPa after 216
hours, an increase of 660%, wheress the disturbed strength increased dightly from 0.09 to 0.12 kPa,
which corresponds to a 33% increase. These resistances were measured using the Swedish cone.

Secondly, under the same conditions as for the firg series, various mixtures of resdues with
amendments were prepared. The results obtained show that from the start, there is a strength gain
which reaches a plateau between 100 and 200 hours. The most significant gain was obtained with a
mixture of 2% HDS and 2% cement, for which the strength increased from 0.13 kPa (initia strength)
to 90 kPa. It isinteresting to note that for this project, the high density dudge is a better additive to
cement than lime.
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435 High Density Sludge

High dengty dudge is produced by a trestment plant at the Mine Doyon dte. A characterization of
dudge minerdogy and viscosty is presented in GREGI Report 91-19.

The minerdogica composition was evauated usng X-Ray Diffractometry. The main mineras found
in the dudge are.  bassanite (43%), geothite (27%), gibbste (18%), quartz (7%), hydroxylapatite
(3%) and traces of brucite and manganite.

As for the viscogty characterigtics, they were assessed on dudges at a water content similar to those
obtained a the mine. The apparatus used to measure the characteristics consisted of a double
cylinder ROTOVISCO RV12. The tests were carried out a a temperature of 7°C. Two types of
measurements were made for each sample, namely congtant velocity tests and dynamic response
teds. The former test type is to assess the degree of gtability of the mix and the latter enables the
evauation of viscodty and flow threshold. The results obtained show that the behavior of the high
dengty dudgeis smilar to that of a Bingham fluid; its viscosty is of the order of 25 mPas and its flow
threshold varies between 4 and 7 Pa. These results on the viscodty of the high densty dudge could
be useful should their injection into the waste rock dump be considered to lower its porosity.

4.4 Dry Barriers

The dry barriers of the type presented in the GREGI report do not use the capillary barrier principle
to prevent the infiltration of water and oxygen. Rather, the barrier type presented in section 4.4.1 of
GREGI report 91-19 is intended to reduce infiltration as for sanitary landfill sites (EPA, 1991). The
principle of a dry barrier incorporating a capillary barrier zone was known when the work of the
GREGI report was carried out. 1t is now recognized that this type of barrier is effective, in the long
term, in reducing the migration of oxygen and water into high sulphur resdues. Before going further,
a brief explanation of the dry barrier principle isin order. More detall on the prevention of capillary
rise may be found in the literature (i.e. Nicholson et d., 1989; Akindunhi et d., 1991; Mord-
Seytoux, 1992; Chiu et Shakelford, 1994; Shakedford et d., 1994; Yey et d., 1994; Bussieres et dl.,
1995).

441 Physcal Principlesof Dry Barriers

The concept of a capillary barier involves the theory of unsaturated flow through materids of
differing textures (or gradetion). A capillary barrier is usualy created when alayer of fine materid is
placed over alayer of coarse materid, as is the case for Layers D and E shown on Figure 4-1. In
this case, water infiltrating from the surface will only be able to flow through Layer E (consdered here
as initidly dry) when the capillary tenson in the materid of Layer D is close to zero (thet is, the
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materid is completely saturated). A somewhat smilar effect may aso be created when the layer of
coase materid is placed over the fine materia layer, as for Layers C and D of Figure 1. This
arrangement prevents the capillary rise from the lower layer (that isfrom Layer D towards Layer C).

A sygem as the one shown on Figure 4-1 therefore includes a double effect from the capillary
barrier, thet is one from each sde of the fine materid layer (Layer D). Thedrying of Layers C and E,
condtituted of coarse materid with alow air entry vaue (AEV), thus prevents the migration of weter,
in an upward direction as well as downward, which heps in maintaining a high degree of saturation in
Layer D. To obtain an effectiveness amilar to that of a water cover, it is usudly consdered that a
degree of saturation of 90% in the fine layer is required (Aubertin et d., 1993). Layer E ds0
prevents a capillary rise of the water present in the waste towards Layer D, which could thus
contaminate the fine materid layer. Because of this, the thickness of Layer E must be sufficient to
ensure drainage.

Layer A (Tep Sail)
Layer B (Protecfive Layer)
Layer € (Coarse Material)

Layer D (Fine Material)

Layer E (Coarse Malerial)

Waosts

Figure4-1. Schematic of a Multilayer Barrier Constructed Using the Capillary Barrier
Principle (from Bussiére et al., 1995).

The choice of materids presented in GREGI Report 91-19 is not suited for cover layers usng the
capillary barrier principle. When designing a capillary barrier, the most important aspect is the
suction contrast between the various materids. It is usudly consdered that sand may be used for the
two draining layers (layers C and E). The thickness of the layers is determined from the suction
characterigtics of the materias. A thickness of 2 AEV may be congdered as a design criterion. As
for the fine layer, its suction characteristics must be sufficient to maintain a high degree of saturation,
even for extended periods of drought. A dlty materid is usudly congdered as most suitable for the
fine layer.
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442 HELP Computer Moddling

The computer modeling presented in Section 4.4.2 of GREGI Report 91-19 were carried out using
the HELP software (EPA, 1994). This software is used for hydrologicd anayss of landfill Stes.
Little informetion is avalable on the modeding carried out. It is mentioned in the document that the
purpose of the modding was to numericadly smulate flow and laterd drainage. It gppears that no
paticular consderation was given to unsaturated flows; it is however this type of flow which is
prevaent in dry barriers.

The computer modedling carried out considered a clay layer 1 m thick placed between two layers of
draining sand (0.5 m thick). The upper layer used for revegetation is 1 m thick. Finaly, a 0.5 m
layer of a material named "support filter" is placed on the waste rock. Severa computer analyses
were carried out to study the effect of varying the distance to drain and dope using two different
hydraulic conductivity values for the drainage sand (10- my/s and 102 m/s). The resullts, for the case
of a draining layer with a hydraulic conductivity of 10° nvs, indicate that the drain spacing has an
effect if it issmdler than 80 m. It is dso observed that the dope has a mgor effect on infiltration.
The results obtained, when considering a drainage sand with a hydraulic conductivity of 102 nvs, are
ggnificantly different. Indeed, based on the modeling carried out, increasing the dope to vaues
larger than 6% has little effect on the infiltration. Asto the drain spacing, an influence occurs only if
the dope is amdler than 6%. In summary, it may be sad that the computer modding indicates that
the infiltration through such a cover barrier may be limited to less than 20 000 n® per year (thet is,
about 6% of the normd infiltration), with a minimum vaue of about 12 000 n? per year if the
hydraulic conductivity is maintained a 10° ns.

443 Applicable Solutions I dentified by GREGI

In Section 4.5 of GREGI Report 91-19, solutions applicable to the Mine Doyon south waste rock
dump are evauated for the ingdlation of adry barrier. The main conclusion of the GREGI report is
that "the solutions considered will have to incorporate a geomembrane sufficiently flexible and
strong to conform to the movements of the surface of the dump while maintaining its
integrity". The main commentswhich may be expressed on the above section are:

The solutions suggested are dways for an impermesble barrier and not for a capillary barier.
For this reason, the use of ity materids is rgjected whereas these materiads should have been
consdered as most desirable.

In the document, the use of a geomembrane within the barrier is favored even if it is known that
such amaterid must be replaced in the long term.
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The use of naturd materids for the congruction of a dry barier was diminated on the bass of
settlement of the waste dump surface observed on Site. However, settlement measurements were not
caried out and no information is avalable on the subject. A recent Ste vist did not confirm the
occurrence of settlement. Furthermore, it is known that the ingalation of a dry barrier would reduce
the acid generation process and hence, reduce the settlement. It therefore appears premature to
rgect the use of naturd materias as components of a dry barier, based on visua observations not
technicdly verified.

45 Hydrogeology of the Site

45.1 Hydrogeological Modelling

Computer analyses were carried out by the GREGI group of Lavd Universty for the Mine Doyon
wadte rock dump. The results of the analyses are discussed in the following reports:

GREGI Report 94-05 (MEND 1.14.2e);
GREGI Report 91-19.

GREGI Report 93-11 by Nastev and Isabel (1993) was referred to with respect to the computer
analyses presented in the two above-mentioned reports. However, the latter report was not available
to the reviewers. The collection and andyss of hydrologica data were discussed in Chapter 3.0 as
was the hydraulic budget of the dump prepared by the GREGI group. The rdevant comments will
therefore not be repeated here.

The following discusson is therefore limited to the computer modding carried out by the GREGI
group. The smulations were carried out using the USGS MODFLOW 2D software (McDonad and
Harbaugh, 1984). The hydrogeologicd modeling comprises two distinct andyses.

Modeling of the dump foundations
Modeling of the waste rock dump

The purpose of the first analys's was the reconciliation or cdibration of the water levels measured in
wells drilled in the dump with the hydraulic conductivity vaues measured by Golder and Associates
(1991). Indeed, a few injection tests (dug tests) carried out in some wells indicated hydraulic
conductivity vaues of the order of 2 x 10° mVs at less than 5m depth within bedrock below the
wadte rock dump. This hydraulic conductivity vaue was judged not competible with the observed
piezometric levels. A numericad moded was built usng MODFLOW 2D to try to assess a hydraulic
conductivity representative of the bedrock underneath the dump. Only bedrock was considered in
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this andyss. An impervious boundary was assgned a 20 m below the pit. The laterd limits were
the main pit to the northeast and the Bousquet river to the west. The cdlibration of this numerica
model, using the piezometric levels observed within the dump, yidds a hydraulic conductivity vaue of
the order of 10° m/s for the bedrock. The GREGI researchers concluded that the higher hydraulic
conductivity measured during the well tests is due to locd fracturing a shdlow depth and is not
representative of the rea permesbility of the bedrock.

Although the above conclusion by the GREGI researchers gppears judtifiable within the present
context, its judtification is not sufficiently supported in the report. This concluson is important
because it had a deciding influence on deveoping the conceptua mode used in the numerica
modeling of the dump. More specificdly, this concdluson strongly influences the predictions of the
mode, namdy with respect to the water loss beneath the dump and the geometry of the flow
network.

The second model, so made using the USGS MODFLOW 2D software, was used to smulate flow
through the waste rock dump. The objective of this second mode was the completion of the
hydraulic budget for the dump by trying to estimate the groundwater loss.
A modd with 4 digtinct layers was congtructed. The table below presents the hydraulic conductivity
of each layer.

Table4.1

Hydraulic ConductivitiesUsed in Smulations

Layers k
(hydraulic conductivity)
Spail 1x10°m/s
Sail 7x 10" m/s
Fractured Rock 1x 10° m/s
Bedrock 35x10°m/s

The second column presents the hydraulic conductivity vaues assgned to each layer in the modd,
based on the field and laboratory characterization. For the fourth layer (bedrock), the value used is
obtained from the firs modeling carried out for the foundations of the dump.

The conditions at the boundaries of the modd are:
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constant head to the north (bottom of pit, 4891 m);

constant head to the northeast (elevation of effluent, 4960 m);
constant head to the south (elevation of effluent, 4995 to 4955 m);
constant head to the southeest (level of the Bousquet river);
constant head to the northwest (4975 m);

constant head between the dump and the Bousquet river (4957 m).

The infiltration rate was set at 260 mm/year in the modedl.

452 Analysisof the Results

As previoudy mentioned in this document (Article 3.3.1), due to an error in Table 8 of the GREGI
report, the infiltration rate would be underestimated by about 8%. This correction should be
congdered in the numerica modd. This error must therefore reflect on the results obtained from the
modeling. The water loss through bedrock, based on the andyses, is etimated at 70 mm per year.
Some reservations must therefore be gpplied to this estimation due to the error introduced in
evauation of the recharge rate.

A better characterization of the hydraulic conductivity of the bedrock would dlow the numerica
modd to be improved, as recommended in the GREGI report. The authors recommended
conducting numericd amulations usng a software capable of smulating multiphase flow. The latter
recommendation is not judged advisable. The high concentration in dissolved solids measured in the
dump leachate and the temperature variaions (40 to 65°C) influence the flow in the waste rock
dump. In such a case, a flow as a function of density should be considered instead. Therefore,
software usng an goproach of variable density miscible fluids flow would be more gppropriate.
However, this problem is complex as the dengty is then a function of the concentration in dissolved
solids and temperature.

The work carried out by GREGI in the course of the hydrogeologica modedling is conventiond. The
gpproach and type of modeling are standard. The sole objective that the numerica modeling enables
is a completion of the hydrogeological budget. This part of the work does not bring about a new
understanding of the problem of acidic mine drainage in awaste rock dump in generd.

The values of certain parameters differ from one report to the other (1991 vs 1994). For instance,
the infiltration in the bedrock was first presented as being in the order of 8% and was findly given as
5% in the 1994 report. No explanation was given in the reports to judtify the modifications.

A sengtivity andyss of the parameters used in the numerical modeling would have been desirable. It
would then be possible to gppreciate the impact of the error raised in Article 3.3.1. Furthermore, the
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definition of vaue ranges for the infiltration terms would be more interesting from a technica point of
view.

4.6 New Approaches | dentified by this Project

The area of work that brought out the most in terms of new knowledge on dry barriers built over
wadgte rock dumps was that which pertained to the improvement of mining residues with bentonite
used as condruction materids for a barier. The use of bentonite may reduce the hydraulic
conductivity by approximately one order of magnitude. In addition, other work has shown that the
bentonite dlows an improvement of the water retention characteristics of the amended materid
(Richard, 1994). As was explained in this report, water retention characteristics are the most
important parameters for the design of adry barrier using the capillary break principle. It would then
be possible to use mining resdues improved with bentonite as a fine layer component of the dry
barrier. This technique could be gpplicable in cases where the costs associated with the use of this
materid as congruction materid for the dry barrier would be lower than those associated with natura
materids.

Another interesting aspect of the work is the improvement of mechanica properties with the use of
high dengty dudge (HDS) and cement as amendment. It is quite interesting to note that the HDS
(considered as resdues) condtitutes, in the short term, a better additive to cement than lime. This
interesting trend should be investigated further.

The dudge could dso be incorporated in adry barrier to cover the waste rock dump. However, one

must not forget that the dudge contains high concentrations of metas and that its stability must be
ensured before it isused in any covering application.

4.7 Applications of the New Appr oaches

It is now a known fact that the use of mining residues, which are normdly found in close proximity to
waste rock dumps, may be an interesting adternative to soil as a component of adry barrier (Aubertin
et d., 1995). In some indances, an improvement of the mining residues with bentonite may engble
them to acquire the permeability and suction characteristics required for their use as a component of a
dry barrier with the objective of preventing the generation of acidic mine drainage. This technology
could be used for tailings ponds as well as for waste rock dumps.

As for the high dengty dudges, since they seem to condtitute a good additive to cement, they could
be used in the underground backfill process. Thisin turn could enable a reduction of the volume of
dudge stockpiled a ground surface and a reduction in backfill costs.
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4.8 Futur e Studies and Associated Costs

As previoudy mentioned, suction characteristics (or water retention characteristics) are essentia
should one wish to design a dry barrier. No measurements of these characteristics were carried out
in the course of the GREGI study. In the event that Mine Doyon would ingtdl a dry barrier, a
campaign to measure these characterigtics would be essentia. Hydrogeological modeling for a non-
saturated environment could then enable the determination of the thickness of the various layers of the
barrier. The costs associated with this work could range from $20,000 to $50,000.

A study on the impact of using the HDS as cement additive would also be most interesting. A testing
program (triaxid and uniaxia tests) could dlow a comparison of the results obtained with HDS and
those obtained using other additives. It would then be possible to compare the behavior of backfill
with HDS versus that of the ordinary backfill (Ouellet, 1995). The cogts associated with this work
are estimated at $15,000 to $30,000.

The possihility of incorporating HDS in the dry barrier gppears to be an interesting development to
the sudy. Of course, the chemica gability of the dudge is the main disadvantage of this dternative.
It is anticipated that a technical and economic pre-feasibility study could be carried out for about
$30,000.

Another aspect which warrants further investigation is the evauaion of waste dump settlement
mentioned by the GREGI researchers. It may then be possible to evauate the impact of those
settlements on the congtruction costs. Minima costs would be associated to this work, about $5,000
to $15,000.

As was previoudy outlined, inconsstent data exist with respect to the hydraulic conductivity of the
bedrock. GREGI suggests, with reason, to carry out injection tests on a larger scade to better
characterize the hydraulic conductivity of the bedrock. Some variaions in the values used for the
bedrock would have a sgnificant impact on the numerical modeling results. A modeling consdering
multiphase flow, as recommended by GREGI, does not gppear relevant. Indeed, the high
concentrations in dissolved solids and the large temperature variations influence the flow of water. It
would be more interesting to consder flow as a function of dendty. For that purpose, a flow mode
of variable dengty miscible fluids would have to be used. Thisis acomplex problem as the dengty of
water is then a function of the concentration in dissolved solids and temperature.  However, as
mentioned above, the hydraulic conductivity conditions of the bedrock assigned in the numerica
model are more important than the dengity variations of the flow undernesth the waste rock dump.

Based on the new data obtained on the hydraulic conductivity, it may be necessary to evauate the
geochemicd characterigtics and the various properties (direction and speed) of the groundwater flow
underneeth the dump. The cost of such astudy could be in the order of $50,000.
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4.9 Summary

The work carried out by GREGI, with respect to the characterization of overburden, is typica of
what is done in consulting engineering and appears to have been carried out according to standard
practice. However, it does not congtitute research work with the exception of the tests carried out
on the mining residues-bentonite mixes.

Dry barriers, as presented by GREGI, do not correspond to what is considered today as a dry
barrier. The barrier type proposed by GREGI does not use the capillary break principle to prevent
the migration of water and oxygen to the sulphurous residues. The capillary bregk principle was
known during the work conducted by GREGI (Nicholson, 1989). Due to this fact, the design
proposed in GREGI Report 91-19 is extremely costly and is therefore not optimum.  Other waste
rock dumps have been restored over the last few years in Canada using dry barriers and a much
smpler design. For ingtance, the 'Equity Slver Mines' Site even used the waste rock as a coarse
layer to provide a capillary bresk with the fine materid (Okane et d., 1995), thereby reducing the
construction costs.

It is obvious that the regjection of dry barriers as a means of restoring the south dump of Mine Doyon
was done prematurely by GREGI. It may even be said that, based on the current knowledge, a dry
barrier gppears as the most applicable restoration method for this ste.  However, before this
technology is applied, a comparative study of the various available options would have to be made
leading to sdlection of the most suitable restoration solution for the south dump.

As mentioned previoudy, the hydrogeologicd modeling carried out is conventional and does not
result in new knowledge in this field. The main objective of this modding is to know the infiltration
rate below the dump in order to complete the hydrologic budget. However, the results obtained
show that about 5% of the water seeps below the dump.

In conclusion, it may be said that the amount of work carried out by GREGI is consderable and that
the work was carried out in accordance with standard practice. However, on a geotechnical and
hydrogeologicd levd, little progress was made in terms of comprehension of the phenomenon of
acidic mine drainage generation in waste rock dumps.

It should be noted that the comments presented in this Chapter refer only to the content of the
GREGI reports submitted to MEND (refer to Introduction Table 1-1). These comments are
intended to provide a different point of view and to enhance the comprehension of readers who will
use the reports.

Consdering the darifications which were given to us by the GREGI researchers during this review
and which do not appear in the MEND reports, it is worth noting that:
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the GREGI researchers have regjected the use of mining residues (with or without amendments)
or dudges because of their high initid cyanide concentration;

based on the obsarvations made on the bedrock and on data available to the GREGI team, it
did not appear necessary to study in more detail the flow characteristics benegth the dump.
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S. GEOCHEMISTRY AND MINERALOGY

5.1 Gener al

The Mine Doyon project is certainly one of the best waste rock studies MEND has so far sponsored
in terms of advancing our understlanding of AMD processes taking place in waste rock dumps. To
our knowledge, it is the most comprehensive in the world in terms of the scope of disciplines

encompassed.

The geochemica and mineradlogica work of the Mine Doyon project is particularly illuminating. Its
multi-disciplinary gpproach in tackling the AMD problems is exemplary. The study has generated
new ingghts into the geochemistry and mineradogy of AMD-related processes in waste rock dumps.
Some of the investigative tools used are innovative, and some of the computation and interpretation
techniques are unique. The most significant agpect of thiswork is probably that it draws our atention
to the importance of phylloglicate minerd weethering.

No maor flaws and gaps have been identified by this review; however minor to somewhat sgnificant
flaws are dmogt inevitable in a project of such scope and scde. The reviewers have noted the
excdlent achievements and dso have pointed out some flaws. The following reports have been
reviewed for this chapter: GREGI, 1991-19; GREGI, 1993-03; GREGI, 1993-04; GREGI, 1993-
05; GREGI, 1994-04; GREGI, 1994-06; GREGI, 1994-12.

The reviewers consider the part of this study that characterizes natural materias for possible sources
of soil covers for the waste rock pile as unrdated to geochemistry and mineradogy, and thus have
exempted that part from review in this chegpter. This Chapter on geochemidry and minerdogy
incorporates some comments by SENES who provided a preliminary review of this technica
component (SENES, 1995) as well as secondary review inpuit.

5.2 Solid Characterization - Fiedld Work

521 Work Performed

The Mine Doyon study carried out extensive field sampling and field solid characterization. The solid
sampling program consisted of the following components:

Seven boreholes (BH-1 to BH-6, drilled in 1991 and BH-7, drilled in 1992) on the south
dump, 21-47 m deep, dl penetrating successively through the waste rock, the origind top soil
where present, and the upper part of the bedrock, from which drill cuttings were collected as
composites a gpproximatey 1.5 mintervals,
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Five exploratory trenches (T1 to T5) on the south dump, 3-5 m deep, from which grab
samples were taken at gpproximatdy 0.5-1.5 m, unequd intervds, and

Two large surface pits (T92-1 and T92-2) on the south dump used for lysmeter ingtdlations,
each 15 m wide and 5 m deep, from which bulk and composite samples were taken.

Feld geochemica and minerdogica characterization included the following components:
Logging visud obsarvation and dlassfication;
Paste pH; and

Particle Size segregation for Sze digtribution andyss.

522 Methodology

Drilling

Within the norma resource condraints, dry drilling is the best available technique to acquire
reasonably representative samples from large waste rock piles. At Mine Doyon, a reverse air
circulation, down-the-hole hammer drill with an eccentric bit was used. Compressed air brought drill
cuttings from the depth of the drill bit to the surface, dlowing composite samples to be collected
according to the drill bit depth. The dry drilling method, however, suffers from two drawbacks,
neither of which can yet be overcome with the present drilling technology:

The rock is broken in the drilling process, cregting new surfaces and fines which are not
representative of the in-situ conditions;

The moisture associated with the rock is dried off when the drill cuttings are blown up the
borehole, disdlowing subsequent pore water extraction.

The postioning of boreholes BH-1 to BH-6 at the Mine Doyon was based on two considerations:

To encompass different lithologic units contained in the south dump (refer to Rapport GREGI
1994-12, pp. 1.2-1.6; Rapport GREGI 91-19, pp. iii-iv and Rapport GREGI 91-19 Annexe
A, p.5); ad

To follow the surface streams on the origind topography (refer to Figure 2.1a on p. 90 in
Rapport GREGI 91-19).

The three main lithologic units were dl wedl sampled: sericitic schigt (unit 4B, about 50% of the south
dump) and intermediate tuffs (unit 3, about 30% of the south dump) by boreholes BH-1, BH-4, BH-
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5, BH-6; and felsic volcanoclagtics (unit 4A, 15% of the south dump) by BH-2 and BH-3. Bore
hole BH-7, which was drilled one year later than the others to retrieve samples for minerdogica
studies, encompassed dl three lithologic units. At the same time, the three zones identified (Rapport
GREGI 91-19, p. iv) were dso well represented.

Bore holes BH-1, BH-2 and BH-3 were located on origind surface stream paths under the south
dump draining towards the north west; BH-5 on the origina surface stream path draining towards the
east; BH-4 on the divider of the two local water sheds, and BH-6 and BH-7 on a plateau of the
origind topography in the mid-south. These arrangements alow the tracking of ground water quaity
evolution as it flows through the origind top soil and bedrock formations through ground water
monitoring, thus fadilitating the assessment of contaminant migration in ground water.

All saven boreholes were drilled through the entire depth of the south dump and further into the
origind top soil and the upper bedrock. This practice dlows the ground water gradients in the top
soil (free water table) and in the bedrock (confined water table) to be monitored separately. The
change in water qudity as the water percolates down through the waste, the top soil, and bedrock
can be quantified. Altogether, they provide indications of contaminant migration petterns in both
horizontal and verticd directions.

The practice of compositing drill cuttings a 1.5 m intervas is acceptable, baancing the needs of
identifying verticd spatid variaions and reducing sampling and andytica codts.

Trenching

The five surface trenches were distributed around the top of the south dump to sample various
lithologic units contained in the south dump (Rapport GREGI 1994-12, p. 2.1; and Rapport GREGI
91-19 Annexe A, p. 5): T1, T2, and T4 were located in zones where sericitic schists dominated; T3
was located in the very low grade ore pile (felsic volcanoclagtics); and T5 was in the non-reective
"green rocks'. Samples were taken gratigrephicdly to yiedd minerdogica evidence of weathering in
the top 5 m of the dump. Excavation was achieved by hydraulic backhoes.

The locations of the five trenches seem adequate; the excavation, sampling, and logging of the
trenches were straightforward and appear appropriate.

Pitting

Two large pits (T92-1 and T92-2) were excavated into two lithologic units (felsic volcanoclastics and
seicitic schigt, respectively) for solid sampling and lysmeter ingdlation (Rapport GREGI 1994-12,
p. 21 and p. 2.4). The solids were used for particle Sze analyses, minerdogica studies, and water
content determinations. Detailed descriptions of sampling, sample preservation, and sample handling
have not been given in the reports.  The reviewers assume that al edablished solid sampling
procedures have been followed and the solid samples obtained are of acceptable quality.
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5.2.3 DataQuality

Obsarvation and L ogging

The observations of color, dtratigraphy, texture, secondary precipitates, dteration, lithologic units,
mineralogy, particle Size, etc. of the trenches and the boreholes BH-1 to BH-6 are well documented
according to depths and in detail in Rapport GREGI 91-19, Annexe A, pp. 22-30 and pp. 36-51,
respectively. The wdl ingalations in boreholes BH-1 to BH-6 are clearly illustrated graphicdly in the
same report, pp. 15-20. The dratigraphy of the five trenches are demondtrated graphicaly on pp.
31-35 (same report) and that of the boreholes BH-1 to BH-6 in Figure 2.3 (p. 93) of Rapport
GREGI 91-19. These logging data are consdered by the reviewers to be of high qudity and
sufficient detall for the purpose of this study.

Paste pH

The paste pH was obtained by mixing one part of solids with 2.5 parts of water (by volume) and then
measuring the pH of the mixture with a glass e ectrode (see Rapport GREGI 91-19, Annexe A, p. 6
for description). The results are presented in Rapport GREGI 91-19, Annexe A, pp. 52-56 and
graphicaly illustrated in Figures 2.5 and 2.6 (p. 95-96) of Rapport GREGI 91-19.

The measurement of paste pH is a rdatively smple procedure and, when followed correctly, it is not
proneto errors. The paste pH profiles correspond well with ateration observations and anticipations
based on lithologic information. In addition, when comparing the paste pH's with the pH's of leachate
deriving from the same samples (Rapport GREGI 93-05, Appendix D-1, pp. 53-59), we have
noticed that the vast mgority of the leachate pH's duplicate their paste pH's within an error margin of
gpproximately 0.2 pH units (This was not noted in the report). There are a few exceptions,
noticeably for samples from borehole BH-1, samples 1-3 and 11, where the earlier paste pH's are
much higher than the later leachate pH's. These differences can be explained by pyrite oxidation
during storage and handling.

Although descriptions of field quaity control for paste pH measurements are lacking from the reports,
the above agreement suggests reliable paste pH data.

Particle Size Segregation

Particle Sze segregation was performed on four bulk field samples as part of the Mine Doyon study
(Rapport GREGI 1994-12, p. 2.6). Thisinvolved taking a "large’ sample from the large pits (the
report did not specify how "large” the bulk samples were), removing boulders greater than 0.5 m,
screening the remaining through a 70-mm Seve, weighing the oversze and undersize portions, and
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glitting a subsample of the undersze portion for subsequent conventiona Seve andyss in a
|aboratory.

Size digribution is a critica factor in scaling up laboratory test results to a large waste rock pile, yet
its determination for waste rock is extremdy difficult for two reasons. the heterogeneity of waste
rock piles and the large sample mass requirement for a representative sample.

The heterogenaity of waste rock piles derives from Sze segregation of waste during dump
condruction, varidion in sze didribution in the origind materia hauled to the dump (caused by
variation in blasting efficiency and brittleness of the rock), varying degrees of post-depostiona
physicd and chemica disintegration (such as crushing by truck traffic and chemicd wesathering), and
s0 on. Depending on the dump-building method, a typica dump usudly contains coarser materid in
the lower portion of a lift, finer materid in the upper portion of a lift, and very fine maerid on the
aurface. Thus, if a bulk sample is taken from the surface of a waste rock pile, it is likely to be finer
than the average of the entire pile. Besidesthe vertical Sze variaion, thereisalaera variation, which
is usudly a function of the lithology of the waste rock: the more brittle rock is likely to be broken
finer during blagting and is more eadly broken down further by physcd disntegration. Similarly,
chemicdly reactive waste rock is more prone to disntegration by chemicd weathering. As a
consequence, it is judtified to conduct separate Sze analyses for different lithologica units.

The minimum mass of a representative sample depends on the top particle size of the materia being
sampled. For example, the minimum representative sample mass for a materiad with a top particle
gze of 0.5 m is about 10 tonnes and for a materid with a top particle sze of 1 m, 75 tonnes
(Cummins et d., 1973, p. 27-16). Clearly, it is difficult to segregate such large quantities of waste
rock in the fied.

To obtan a reasonably accurate estimate of the sze didribution of a waste rock dump, the
researcher should idedlly follow these steps. (1) excavating a bulk sample over the height of an entire
lift; (2) removing large rocks (e.g., > 0.25 m) and taking enough sample to be representative for the
corresponding top size (e.g., for 0.25 m top size the sample should be greater than 2.5 tonnes) and
performing Seve andyses, (3) estimating the percentage of waste rock grester than the cut-off sze
(i.e, 0.25 m) in the pile; and (4) conducting size andysis for each lithologica unit according to steps
(2) to (3) above. However, such an exerciseis clearly quite expensive and rardly judtified in terms of
COost.

The particle Sze segregation carried out a the Mine Doyon followed only step (2) above it is
doubtful that enough samples (10 tonnes) were taken for the cut-off Sze used (0.5 m). Figure 2.3 in
Rapport GREGI 1994-12 shows that the deeper (1 m) materia is coarser than the shalower
(surface) materid and that the sericitic schigt has a much different sze didribution from the felsc
volcanoclagtics. If the average Size didtribution is used to represent the waste rock dump, it is likely
to overestimate the amount of fine fractions. The study correctly pointed out that the finer fraction
accounts for mogt of the surface area in the dump. However, because no estimates of the >0.5 m
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fraction were given, it isimpossble to estimate the absolute amount of the finer fraction in the dump,
therefore, any properties dependent on the total surface area in the waste rock dump cannot be
quantified. The sze didributions determined in this sudy should, therefore, be treated as rough
estimates for the entire dump.

524  Summary

Feld solid sampling was achieved by means of dry-air drilling, surface trenching and surface pitting.
The drilling method employed is state-of-the-art for sampling waste rock dumps; the trenching and
pitting methods are consistent with industry standards. The locations of boreholes, trenches, and pits
are properly selected, and the sampling and compositing intervals agree with accepted practice.

Observation and logging of samples from the boreholes, trenches, and pits are adequate; the results
are well documented; and the graphical presentations are clear. The paste pH data appear reliable.
The particle Sze digtributions determined, however, are not truly representative of the entire waste
rock pile and thus should be regarded as a rough estimate. The percentage of the size fraction
greater than 0.5 m is not quantified, making it impossible to determine the tota surface area of the
materid in the waste rock pile.

5.3 Solid Characterization - L aboratory Work

531 Work Performed

The lig of geochemica, mineralogical and mechanica properties of solids characterized in this sudy
isimpressve:

Quditative mineralogy by XRD (X-Ray Diffractometry), usng both conventiond powder
mounts and innovative oriented mounts, of al 23 samples (20 waste rock, 2 top soil, and 1
bedrock samples) from borehole BH-7, 9 waste rock samples from pit T92-1 taken at 0.5 m
equa intervas from surface to a depth of 4.0 m, and 9 waste rock samples from pit T92-2
aso taken a 0.5 m equd intervas from surface to a depth of 4.0 m, as well as quditative
minerdogy by XRD, using only conventiona powder mounts, of 106 (nearly al) samples from
boreholes BH-1 to BH-6;

SEM (Secondary Electron Microscopy) with EDX (Energy Dispersive Andyss) of selected
samples from the large pits and borehole BH-7;

Leaching by digtilled water, followed by leachate chemicd andyss, of nearly dl drill cuttings
samples from boreholes BH-1 to BH-7;

42



Report List

Chemical analyses of pore water squeezed from 9 waste rock samples from pit T92-1 taken a
0.5 m equd intervals from surface to a depth of 4.0 m, and 9 waste rock samples from pit
T92-2 aso taken at 0.5 m equal intervals from surface to a depth of 4.0 m;

Whole-rock chemicd andyses of the three rock types contained in the south dump: 45
seicitic schig (unit 4B) samples, 43 fdsc volcanoclagtic (unit 4A) samples, and 15
intermediate tuffs (unit 3) samples (note that this work was not done for the MEND study but
rather was done by Savoie et a. (1991) in a separate Sudy. It is listed here because the
results were employed in this study for data interpretation);

A form of ABA (acid-base accounting) cdculated using sulphide analyses and carbonate
andyses of the three rock types contained in the south dump: 45 sericitic schist (unit 4B)
samples, 43 felsic volcanocladtic (unit 4A) samples, and 15 intermediate tuffs (unit 3) samples
(note dso that this work was not done for the MEND study but rather was done by Savoie et
d. (1991) in a separate Sudy. It islisted here because the results were employed in this study
for data interpretation);

Hydrogen peroxide tests using certain size fractions of the three rock types selected from the
trench samples from the south dump, in an attempt to determine specific surface area of
reactive sulphides;

Image analyses usng certain sze fractions of the three rock types selected from the trench
samples from the south dump to determine specific surface area of sulphides; and

Los Angeles Abrasion Tests, Micro Deva Attrition Tests, MgSO,4 Disintegration Tests and
Acoudtic Cderometry using seected samples representing the three lithologic units.




5.3.2 Methodology

RD

Common minerdogicd techniques for minerd mixtures such as waste rock include transmissve and
reflective optical microscopy and XRD. Each method has its pros and cons. Optical microscopy is
normally employed to yied quditative information but is also adle to provide semiquantitative minera
abundance on the basis of visud esimates. If it is coupled with image analys's, the accuracy of the
minera content determination improves dramaticdly. XRD can be used quditaively to identify
mineras present in a sample or quantitatively for seasoned samples to generate accurate minera
abundance. XRD patterns are not easy to interpret, especialy for minor mineras (which are often
the minerds of interest) when masking interferences exist between different mineras.

The reviewers consder XRD an gppropriate choice for minerdogicd examinations in this study,
athough the quantitative agpects could potentidly be improved by introducing chemica information in
interpreting the XRD data. The researchers stated that due to "the many variables involved and
the impossibility to prepare adequate standard mixtures (with the same mineralogical,
physical and chemical characteristics), reliable quantitative information cannot be obtained by
XRD." (Rapport GREGI 1994-06, p. 12.) While this statement is true, knowing the semiquantitative
mineralogy, the researchers could have perhaps conducted chemica andyses (whole rock anayses,
COy, S, minor and trace eement analyses) of the same rock samples and calculated the quantitative
minerdogy of the samples (SENES, 1995). If this were successful, the quantitative information
would have enhanced the interpretations of minerdogica transformations.

This study used two different methods of preparation for XRD andyss. powder mounts and oriented
mounts (Rapport GREGI 1994-06, pp. 11-18). Under oriented mounts, samples are either mounted
in the naturd date or in glycerolated dtate, the latter used to swell expandable minerals such as
smectite. The researchers report that "results from oriented mount analysis revealed some new
data not detected by the powder method." (p. 15) The oriented mounts (in natura and glycerated
dates) are indrumenta in the detection of the swelling mineras; they aso provided evidence for
epitaxid cryddlization of jarodte within muscovite.

The researchers determined vertica minerdogica profiles and used this information in combination
with other information to deduce vertical dynamic geochemicd and minerdogicd interactions. Thisis
an exemplary approach especialy suited for this kind of research. The use of oriented mounts to
sudy minerd dteraion in a waste rock environment, to our knowledge, is new and innovative, and
cartainly has generated ingghtful information regarding the dteration mechanisms and pathways of
glicate mineras.

SEM with EDX




The use of these dectronic surface andyticd techniques is effective, and has yidded useful
information about minera weethering and secondary minerd precipitation. It is particularly
enlightening in demondrating the compostiona changes during the progress of dlicate minerd
transformation.

These techniques are primarily research tools. Ther usein routine monitoring a minesis unlikely.

L eaching of Drill Cuttings

The smple leaching technique used in this sudy (described in Rapport GREGI 93-05, pp. 2-3 and
Rapport GREGI 1994-12, p. 5.21) is an effective method for obtaining data on stored acidity within
the waste rock dump (SENES, 1995). The researchers noted that "... rapid drying of small
guantities of acid leachate produced solid crystals and an amorphous gel.... Upon adding
distilled water, more than 95% of the dried leachate went back into solution.” (Rapport
GREGI 19%4-12, p. 27) The quick, reversble dissolution of previoudy precipitated solutes
guarantees that the acidity deposited on the drill cuttings by ar drying will be leached back into
solution.

The leachate mugt be distinguished from the pore water origindly present in the waste rock pile:  the
pore water contains only part of the totd acidity stored in the waste pile, Snce some acidity exigs in
the solid form, whereas the extracted leachate contains nearly dl of the acidity stored. The pore
water is likely to be so concentrated that the concentrations of many of its constituent dissolved
species are limited by solubility congtraints, whereas the leachate solution is probably dilute enough
for most secondary mineralsto be undersaturated (refer to Table 5.10, Rapport GREGI 1994-12, p.
5.20 for a comparison of the two). Consequently, the leachate can not replace the role of pore water
in, for example, providing saturation indices of secondary mineras.

Two features of the leaching technique used in this study may bias the data on stored acidity. Firdt,
newly broken surfaces caused by drilling exposed fresh sulphides as wedl as fresh acid-consuming
minerds, which may contribute acidity or dkdinity during storage and leaching, thereby modifying the
origina stored acidity values. Second, the study used the -2 mm fraction of the rock cuttings for
leaching but generdized the results to the entire hegp on amass bass. The vdidity of this gpproach is
questionable. We will comment on thisissue later in the data interpretation articles.

Pore Water Analysis

Pore water has been in contact with waste rock for a relatively long time, approaching equilibrium
conditions. Pore water chemicd profiles can provide ingghtful information about acid generation,
acid neutraization, and minera trandformation. In this study, pore water was extracted in the field
using a manualy operated pressure device, achieving solid/liquid separation as soon as the sample
was excavaed. The reviewers regard the collection and andyss of pore water in this study as a
successtul application.
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Whole Rock Analysis

Whole rock andysis is a long established chemica procedure to account for the composition of a
rock sample.  When used in conjunction with minerdogicd information it can hdp provide
quantitative accounts of the minerdogicad compostion of arock sample. When whole rock andyses
are conducted before and after weathering, the chemicad and minerdogica changes that have
occurred can be deciphered.

This study has not made extensive use of this chemica tool. The only whole rock andyss presented
in the reportsis that in Rapport GREGI 1994-06, p. 133 on the composition of the three rock units,
which is taken from a separate study (Savoie et d., 1991).

ABA

The acid-base accounting (ABA) data presented in this study were taken from another report
(Savoie et d., 1991). The maximum potentid acidity (MPA) is caculated from average sulphide
content, in agreement with common practice. An overdl weighted average is then caculated for the
south dump according to the proportions of each rock type. The MPA (or sulphide content) so
derived is adequate for the calculation of acid generation.

The use of carbonate content to calculate neutrdization potentid is questionable. As the study has
demondrated, the waste rock pile contains very little carbonate minerals, which accounts for the
quick acidification shortly after the deposition of the waste rock. The study has dso pointed out the
importance of acid neutraization provided by slicate minerds such as chlorite and muscovite. Since
the dlicate neutrdization potentid is excluded, the neutrdization potentia (NP, caculated from
carbonate content) and thus the net neutraization potential (NNP) (Rapport GREGI 1994-06, p.
132, Appendix D and Rapport GREGI 1994-12, p. 1.9, Table 1.1) is underestimated.

The underestimation of NP and NNP has not caused subsequent misinterpretation, since they are not
used in interpretive exercises. The remaning duration of acid generation is cdculated only from
sulphur balance.

Hydrogen Peroxide Test

The hydrogen peroxide test used in this study to evauate the reactive sulphide surface area, as
pointed out by SENES (1995), is smilar to numerous versions of tests usng hydrogen peroxide to
oxidize sulphide to estimate various parameters related to sulphide content, sulphide reectivity, acid-
base bdance, etc., including the Sobek Tota Sulphur Estimation by Peroxide Oxidation (Sobek et
a., 1978, pp. 69-72), the Hydrogen Peroxide Test (Coastech Research, 1989), the Net Acid
Production (NAP) test (Coastech Research, 1991), and Net Acid Generation (NAG) test
(Finkelman et a., 1986, pp. 521-534; Oshay et al., 1984, pp. 13-14).
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Generdly spesking, the peroxide-based tests have only had limited success in specific gpplications
under specific circumstances. It is now accepted that such success depends on the mineralogica
properties of the materid under testing and the objectives of the tests. As a means of determining
sulphide content, sulphide reectivity, and net acidity, the peroxide tests have met with criticism and
have not been widdy applied.

The Mine Doyon study tried to use hydrogen peroxide tests to determine specific reactive sulphide
surface area by comparing the pH-time and temperature-time profiles of the samples with those of a
standard material (Rapport GREGI 94-04, pp. 19-21 and Rapport GREGI 1994-12, pp. 3.7-3.8).
Because the details of arriving at the percent reactive pyrite surface area from profile comparisons are
not reported, the validity and accuracy of the figures given in Table 4 of Rapport GREGI 94-04 are
impossible to evauate.

The researchers concluded that the hydrogen peroxide tests were unsuccessful in determining the
reactive surface area of pyrite of the four rock types due to differences in grain size and specific area
between the samples and the standard, and recommended more testing under various conditions.
The reviewers opinion is that, unless the researchers are able to prepare a standard having al
characterigtics (including size digtribution, minerdogica compostion, reactivity of sulphide and acid-
consuming minerds, etc.) but reactive specific pyrite surface area identicd to the samples, the
hydrogen peroxide test is not likely to succeed in determining the reactive specific surface aress of
samples.

Image Analys's

This study used image andyss of SEM photographs to "measure typical surface area of pyrite
grains in different rock types and compare sizes' (Rapport GREGI 1994-12, p. 3.8; and
Rapport GREGI 94-04, p. 21). This stated objective has certainly been achieved. The pyrite grains
are relatively easy to identify on the SEM image, and computer-aided image anadlyses are quite
accurate in determining the percent area occupied by pyrite grains.

Since the image andlysis is based on polished sections, to achieve an acceptable representativity of
the rock type being studied, enough samples must be used to average out the variaions from
specimen to specimen within that rock type, and enough fields should be andlyzed to average out the
variations from image to image within asingle specimen. From Table 5 (Rapport GREGI 94-04), the
number of images used (three) appears adequate for mafic tuffs, volcanoclastics, and intrusive rock,
as the image-to-image variations observed are smdl, while more than three images should have been
employed for sericitic schist to derive the average because of the large image-to-image variation
(5.5% to 34%). Since only one specimen was used for each rock type, the degree to which the
averages presented in Table 5 are representative of their corresponding rock typesis open to debate.
We understand that the purpose of the image analyses was to obtain "typica™, not "representative’
information about the pyrite surface areas of different rock types. Thus, despite the questionable
representativity, we congder the image analysi's a successful gpplication.
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Attention should be paid to the fact that the percent pyrite area determined through image andysisis
physical instead of reective surface area. It is determined on freshly polished cross sections, not on
the rugged and irregularly-shaped waste rocks in their natural sate. Nevertheess, the information
generated by image andysisis useful. For example, the representative percent pyrite surface area in
a given rock type obtained from image andyss can be gpplied to the total surface area of that rock
type to cdculate the tota pyrite surface on that rock type area within awaste rock pile.

M echanical Tests

This study attempted to relate the results of several mechanical tests to weatherability (and thus its
effect on the rate of acid generation) of different waste rock types. We consder this attempt a useful
exercise and an important first step towards introducing mechanica properties of waste rock into the
equation of AMD prediction.

The three standardized tests (Los Angeles Abrasion, Micro-Deval attrition, and Magnesium Sulphate
Disintegration) are well known and each test provides a measure of the percentage of mass lost to
fine particles. All three tests are performed on a particle Sze subset of hegp samples, therefore the
results may be difficult to relate back to the field. It seems that the abrason and attrition tests are
somewhat aggressve and would likely overestimate the naturd production of fine particles within a
daic waste rock dump, athough an upper limit estimate is useful for esimating the potentidly
maximum effect of weethering on production of AMD. The Magnesum Sulphate test is particularly
interesting and would seem to be the mogt suitable test for investigating the weethering conditions
within the heap for the following reasons (SENES, 1995):

It smulates wet/dry cycles which take place within the hegp;

It amulates the crystdlization pressure as exerted by freezing (ice formation) and by secondary
minerd (gypsum and jarosite) precipitation between layers of phylloslicates, as demonstrated
by this study (Rapport GREGI 1994-06);

It attacks existing weakness planes and microfractures, just as natural weathering does, i.e., the
test is lithology-dependent;

It uses magnesum sulphate as the attacking agent, in pardld to the Ste conditions where
seepage qudity has shown that magnesum and sulphate chemidry is particularly relevant.

It would seem logicd that this particular test should have been examined with more vigor. The
researchers however chose to focus their attention on the results from the Los Angeles abrasion test
without justification (SENES, 1995).

Acoustic celerometry was used to characterize properties Smilar to those given by the three standard
teds. This test has the advantage of being non-destructive, rapid, inexpensive, and able to provide
information on anisotropy. The disadvantage is that the test cannot quantify the production of fines.
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The data presented in Table 3 of Rapport GREGI 94-04 suggest that this test provides a quditative
comparison of the strength and anisotropy of various rock types, however, it is not clear how the
measurements of speed of compression and shear waves could be used to predict specific surface
area increases resulting from weethering, unless this method is cdibrated by some other riable
determinations of such properties. In the reviewers opinion, this tedt, a the present time, is
potentidly suitable for use as a screening tool for selecting materials for standard wegthering tests,
and maybe dso for classfying waste rock according to weatherahility.

All four tests yidded smilar rankings of the four waste rock types in terms of mechanica strength and
thus inferred resistance to weethering. Further (quantitative) application of any of these methods
requires further research to correlate test results to other weathering tests and field observations on a
wide variety of rock types. Future researchers should pay particular atention to the Magnesium
Sulphate test and acoustic celerometry.

5.3.3 DataQuality

XRD and SEM-EDX

The data quaity in XRD depends on severd factors. the representativity of the samples used in
making the specimen, the qudity of specimen preparation, the resolution of the incident angle, the
condition of the equipment, and the capability of the computer or human to interpret the
diffractograme. None of these experimenta aspects has been presented in the report, therefore it is
impossible to make a judgment. Nevertheless, snce XRD is a mature andytica technique and the
research group is experienced, and since the XRD data are coherent with other experimentd data,
we infer the XRD datato be reliable.

As with XRD, the experimenta aspects such as sample sdection, specimen preparation, equipment
operation and data processing of the SEM-EDX studies are not discussed in the reports; it is difficult
to evauate the qudity of the data generated with certainty. The facts that, first, SEM-EDX is a
mature surface anayticd technique; second, SEM-EDX yidded data in agreement with XRD data
(epitaxid precipitation of jarodte between minera planes in weathered muscovite and presence of
swdling mineras); and third, SEM-EDX observations revealed evidence of minerd weethering that is
consggtent with chemicd data (loss of K and Al from, and gain of Mg by, muscovite undergoing
dteraion), dl suggest that the SEM-EDX data are credible.

The XRD and SEM-EDX are employed in this study to generate typica information using typica
rock samples, and the data collected should be regarded as such. The study did not atempt to
generate representative data usng representative samples, which requires more grictly controlled
rock samples for specimen preparation and more experimental observations of each specimen to
average out the sampling error and run-to-run variations. As a result, it is impossble to evauate
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quantitatively how widespread the observed phenomena are in the waste rock pile by the XRD and
SEM-EDX data aone.

L eaching of Drill Cuttings and Pore Water Analysis

The reviewers consder the drill cutting samples as having adequate representativity, both in number
and in location, of the entire dump and al three main rock types contained in the dump. The pore
water samples are appropriate typica cases of the two rock types examined.

Quality assurance and quality control measures (i.e., field and laboratory blanks, spikes, duplicates,
laboratory standards, cross-laboratory checks, etc.) are not described in the reports. We assume
that acceptable QA/QC procedures and GLP (Good Laboratory Practice) have been followed to
ensure the data qudity of the chemicd andyses.

Whole Rock Analysis and Acid-Base Accounting

These chemicd data are taken from the study by Savoie et d. (see footnote 2) and their qudity can
not be assessed.

Hydrogen Peroxide Test

The test was a prdiminary evauation of its capability in characterizing reective pyrite surface areg; the
researchers have concluded that the test was unsuccessful.

Image Analysis

As explained in Article 5.3.2 (methodology), this andys's was employed to yied typicd rather than
representative information. In this capacity, we consder the data generated to be reliable, since the
SEM and image analysis techniques are accurate and robust. 1t would have been preferable to look
at more images for specimens that exhibited large variations.

M echanical Tests

No QA/QC descriptions are given in the reports, thus it is impossble to evauate the data qudity of
the mechanical test results presented. The fact that al mechanica test results gave Smilar rankings of
the strengths of the four rock types examined somewhat suggests a generd acceptability of the test
results, abeit this says nothing about the accuracy and repeetability (precison) of the data. The data
given in Annexe B.3 of Rapport GREGI 94-04 are confusing, ill-captioned, and poorly explained in
the main text.
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534 Summary

An impressive number of solid characteristics have been determined in this study. The techniques
used include surface andyticd instruments (XRD, SEM-EDX), chemica andyses of water
associated with solids (leachate and pore water extracted from solids), chemica analyses of solids
(whole rock andyses and ABA), surface area determinations (hydrogen peroxide tests and image
andyses) and physico-chemical rock weatherability tests (Los Angeles Abrasion, Micro Deva
Attrition, MgSO, Disintegration, and acoustic celerometry).

We consder drill cutting leachate analys's, whole rock analyss, and ABA to be appropriate meansin
obtaining representative data. We regard the use of XRD, SEM-EDX, and pore water chemical
analysis to be adequate as means to gather typica data on the various lithologic units. We view the
use of hydrogen peroxide test, image andyds, and mechanica tests to be useful, innovative, but
preliminary atempts in introducing new quantitative parameters in solid characterization for AMD
prediction.

The methodologies used in this study for solid characterization are generdly well conceived and
goplied, dthough some pitfalls and subtleties need to be taken into congderation when interpreting
the data generated. Improvements could be made to solid characterization by coupling XRD with
whole rock analyss, by using titration method instead of carbonate andysis for determination of NP,
and by focusng more attention on the MgSO,4 test. We do not think the hydrogen peroxide test
worth pursuing as amethod for determining reactive sulphide surface area.

The reports presented little QA/QC information related to various solid characterization tests, making
evaudion of data qudity difficult. Our impression is that the mgority of the data presented in the
reports are of reliable qudity for the purpose of this study.
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54 Water Chemistry - Fidd Work

541 Work Performed

The field work related to water chemistry includes the following components:
Ingalation of sx monitoring wells within, and seven monitoring wells around, the south dump;
Ingtalation of twelve gravity lysmeters a two locations in the dump;

Ingdlation of three weirs and accompanying instrumentation to monitor flow rates in the three
perimeter collection ditches, and ingalation of a meteorologica dation a the plant Site; and

Collection of ground water samples from monitoring wels, leachate samples from the
lyameters, and drainage samples from the collection ditches; and fidd measurements
associated with these water samples.

54.2 Methodology

Monitoring Wdl I nstallation

The locations of the sx monitoring wdls within the south dump are well sdected (see review
comments in Article 5.2.2 under "Drilling"). The dte sdections for the seven monitoring wells around
the dump are dso adequate, enveloping the waste dump and providing information on upstream
background ground water quality variations and downstream ground water quality evolution.

All monitoring wells are appropriately ingaled according to industry standards. Piezometers are
terminated in both origind top soil and in bedrock to monitor the ground water flow in the two
regimes and the water quality change as downward infiltration takes place. The wells are properly
seded between the two piezometers and the details of well ingdlaions are well documented
(Rapport GREGI 91-19, Annexe A, pp. 15-21).

Lysimeter Installation

Twelve lysmeters (polyethylene haf barrels) were ingtdled at two locations encompassing two of the
three mgjor rock types in the south dump (Rapport GREGI 1994-12, p. 2.4). At each location, two
(duplicate) lysmeters were postioned a each of the three depths of 2.0, 3.0 and 5.0 m below the
asurface. A piezometer head was indaled in each lysmeter, which was backfilled with non-reactive
2-cm waste rock gravels. The water levelsin the piezometers were cdibrated to alow water volume
readings without emptying the barrdls. The water in the lysmeters can be sampled or emptied from
the piezometers by a pump from the surface. The lyameter arrangements in this sudy are wel
designed and can provide a vauable reference to other Sites for smilar exercises. The chemigiry of
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the water collected from the lysmeters is an important and non-substitutable part of the data set for
this study.

There is an inevitable drawback to this excavation-and-buria ingalation of lysmeters the origina
wadte rock was disturbed, disrupting the origind air supply patterns and infiltration channels, resulting
in atificid changes in hydrologicd and chemicad properties of the waste rock and the infiltrating
water. Although the waste rock was carefully backfilled, and the researchers recognized that some
time was required for the system to establish a new equilibrium, nobody redly knows how long it will
take for the backfilled waste rock to restore its pre-excavation State (the researchers suggest one
year), or whether this is possble a al. Neverthdess, there are no better dternatives to the
arrangements a Mine Doyon and; in this sense, they represent "best available technology.”

Flow M easur ement | nstrumentation and Weather Station

Flow rate data are necessary for the caculation of loadings, thus the mass baance of chemica
gpecies such as sulphate and acidity. The origind insrumentation included an automatic weir monitor
connected to a chart recorder. The researchers later found that the recorded charts were virtudly
useless because the absolute time reference cannot be determined due to frequent power failures. A
data logger with an independent circuit referencing absolute time has snce been ingdled, which
should be sufficient to correct the problem.

A wesather gation was inddled a the mill to collect data on precipitation, temperature, relative
humidity, and atmospheric pressure. It would have been better if the weather station had been
indaled on the south dump. The researchers used precipitation data from three regiona westher
dations, not the data collect by the weether station at the mill, for hydrologica interpretation (Rapport
GREGI 1994-05).

Fidd Water Sample Collection and M easur ement

Water sampling was achieved through programmed autosamplers, manud collections, Waterra
pumps, and peristaltic pumps, depending on the sources of samples (Rapport GREGI 1994-12, p.
2.5 and Rapport GREGI 91-19, pp. 6-7). Except during the freezing season, weekly samples were
taken from the collection ditches at the weirs, complemented by additional sampling during specia
events such as spring melt. Ice was broken to collect occasond samples during the freezing season.
Samples were taken from the monitoring wells and lysmetersirregularly. Samples were tregted in the
field, when necessary, by filtration and preservation. The monitoring wells were purged 4-8 times the
datic piezometer volume, when possible, before water quality samples were taken. Water samples
were tored in refrigeration for a short time before being sent to various laboratories for physicad and
chemical analyses.

Water sampling, sample handling, and sample storage practiced in the Mine Doyon sudy are
consstent with well-established industry standards. This should be sufficient to ensure that the water
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samples arriving at analytical |aboratories had acceptable quality and had not undergone undesirable
chemicd changes.

It appears from the reports that no physical or chemica measurements of the water samples were
madein thefield. All andyses seem to have been conducted in laboratories.

54.3 DataQuality

No water chemigtry data were collected in the field. Physicd data collected in the fidd that are
relevant to caculation of mass baances of chemica species include flow rate records, water volumes
in the lysmeters, and weether information. The quality of these data is beyond the scope of this
chapter.

544  Summary

Feld work in the Mine Doyon study relevant to water chemistry includes ingdlaion of monitoring
wells, lysmeters, flow measurement devices, and a weather station; and collection of data and water
samples from these facilities. The ingtdlation of monitoring wells & Mine Doyon is textbook qudity.
The lysmeter design is exemplary. The sampling, handling and storage of water are in accordance
with industry standards. However, the flow measurement insrumentetion were a one time defunct
(this has now been corrected); and the weether station should have been indaled at the south dump
ingteed of the mill.

5.5 Water Chemidry - L aboratory Work

551 Work Performed

The laboratory work conducted on water chemistry includes the following components:

Measurements of physico-chemical parameters of the water samples collected from monitoring
wells, collection ditches, and lysmeters conssting of pH, Eh, and conductivity;

Measurements of chemica parameters of the same water samples consisting of some or dl of
the following: tota dissolved solids (TDS), acidity, sulphate (SO,%), major dissolved metals
(K, Na, Ca, Mg, Al, Feygtg, FE**, Fe™), and trace dissolved metals (Cu, Pb, Zn, Cd, Pb,
Mn); and
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Development of a corrdation for calculating certain chemical parameters (SO4%, Fewa, Mg,
and Al) from TDS or conductivity, and adaption of an andyticad method (Energy Dispersve X-
Ray Fluorescence Spectroscopy, or EDXRF) to rapidly measure the concentrations of
sdlected metdsin AMD.

552 Methodology

M easur ement of Physico-chemical Parameters

The routine techniques for instrumental measurements of pH, Eh and conductivity have long been
established and development of dectronic circuitry, on-board microprocessors, and more senstive
probes over the last two decades has made such measurements even more rdigble, rapid, and
convenient. A quadified technician following correct procedures can make these measurements
accurately. The instruments used, listed on p. 5.3 of Rapport GREGI 1994-12, are common
commercid models with demondsrated qudity, and the reviewers regard their use as being

appropriate.

M easurement of Chemical Parameters

The methods used to determine chemica parameters, including TDS, acidity, SO,%, mgjor dissolved
metals (K, Na, Ca, Mg, Al, Fag, Fe*", Fe*"), and trace dissolved metas (Cu, Pb, Zn, Cd, Pb,
Mn), as described on p. 5.3 of Rapport GREGI 1994-12, are well-established standard procedures;
we consgder ther use in this study to be adequate. The researchers dso adapted the EDXRF
method in this study to andyze water samples collected from the gravity lysmeters and pore water
samples extracted under pressure (see Article 5.6.4 for detailed discussion). In the later phase of the
study, the researchers reduced the number of directly-measured parameters and used TDS or
conductivity to caculate some of the unmeasured parameters (SO4%, Fewa, Mg, and Al), according
to an empirica corrdation developed from the database of the earlier phase (see Article 5.6.4 for
detailed discussion).

An important aspect of chemica determinations necessary for interpretation of anaytical resultsis not
reported: the preservation of Fe?*/Fe** ratio. To preserve the Fe?*/Fe®" ratio, nitric acid should not
be used since it oxidizes Fe**.
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Chemical Corrédation and EDXRF

The researchers developed an empirical relationship from the database accumulated during the earlier
phase of the study to calculate some important water quality parameters (SO, Feua, Mg, and Al)
from TDS (or conductivity) (Rapport GREGI 93-04, p. 5). The method has the advantage of being
sample, quick, and inexpensive, and has performed reasonably well for the concentrated samples a
Mine Doyon. The same caculaion was much less successful for AMD solutions having a TDS less
than 25,000 mg/L. The rdatively satisfactory performance for the more concentrated solutions was
possible because the compostion of AMD samples from this site was virtualy congtant in terms of
ratios among different chemica species. This strategy may not be applicable at other Stes; an update
of the empirical correlation is required from time to time as the water chemistry evolves. A more
detailed discussion of this subject is offered in Article 5.6.4.

EDXRF, normdly used to examine solids, was modified in this sudy to andyze dissolved metds by
gandardizing the steps of evaporating an diquot of liquid sample on a piece of membrane filter. The
precipitate/residue spot on the filter is then bombarded with X-ray; the secondary fluorescent X-rays
characterigtic of the elements present in the sample are detected. The resultant plot of incident X-ray
energy versus fluorescent X-ray counts is used to determine the concentration of each dement by
comparison with standard cdlibration curves. the energy postion identifies the dement and the
number of counts indicates the concentration. This andyticd method is technicaly sound and offers
some advantages such as being relatively quick, inexpensive, productive, and requiring only a tiny
diquot (20 uL) of sample, the last feature being very useful in andyzing pressure-extracted pore
water because of the smal volume normdly obtained. There are a few disadvantages, an important
one being the reliance of the method on the premise that the ratios among mgor dissolved dementsin
the sample must be congtant for acceptable performance. This serioudy limits the method's wide
goplicability. Neverthdess, snce this requirement was met by most of the Mine Doyon AMD
samples, EDXRF worked reasonably well in this study. More discusson on this subject can be
found in Article 5.6.4.

5.5.3 DataQuality

M easur ement of Physico-chemical Parameters

The measurement of pH, Eh and conductivity can be done accurately when the correct procedures
are grictly followed. The key to qudity data of these physico-chemica parametersis preservation of
the sample integrity. The quality of the data obtained appears to be acceptable.

M easurement of Chemical Parameters
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No QA/QC descriptions are given in the reports, thus it is impossble to evauate with certainty the
qudity of the chemicd data presented in the reports. On the assumption that adequate QA/QC
procedures were followed, and because of the fact that the solution chemica andysesinvolved in this
sudy, with the exception of the corrdation method and EDXRF, are long established routine
laboratory work, we assume the results of the chemica data to be acceptable.

As with the case of physicd measurements, the key to qudity chemicd data lies in the gppropriate
sampling, handling, storage, and prompt analyses of the water samples to minimize chemica changes
of the olutionsin the target andytes. This may require the fidd sample to be split into two or more
subsamples, each treated and preserved according to the target andytes. For example, the samples
should be filtered and undtered for determinations of TDS, acidity and SO,*, while they should be
filtered and preserved with acid for analyses of dissolved metals. The samples seem to have been
gopropriately handled in the fidld program (see Article 5.4.2 under "Field Water Sample Collection
and Measurement™), athough insufficient information precludes a thorough evauation.

Chemical Corrdation and EDXRF

The data used for cdculation of chemica parameters not directly measured are either TDS or
conductivity. For comments regarding the data quality of these two parameters, see discussons
under "Measurement of Chemica Parameters' above. The qudity of the caculated chemica datais
discussed in Article 5.6.4.

QA/QC information (i.e., use of blanks, duplicates, spikes, standards, €etc.) is not given in the reports
concerning the routine use of EDXRF to determine chemicd parameters (Feqw, Mg, Ca, Al, and
S04?), therefore it is impossible to evauate the quaity of the data determined by EDXRF in this
sudy. Nevertheless, an approximate assessment of the generd qudity of this andyticad method can
be made from the information given in Tables 4, 6 and 7 of Rapport GREGI 93-04. The reported
method detection limits (MDL) based on analyses of 7 duplicate standard samples are 55 for Feya,
35.5 for Mg, 32.2 for Ca, 18.5 for Al, and 38.1 for SO,* (note that the Mg and Ca concentrations
of the standard used fel beow the corresponding MDL). These MDL's are adequate for
concentrated solutions, as is the case for most of the Mine Doyon AMD samples, but are not very
useful for environmenta monitoring of dilute solutions such as background or discharge samples. The
accuracy of the method, sgnified by the redive errors computed from the mean detected
concentrations given in Table 6 and the true concentrations given in Table 4, are as follows. -7.2%
for Feiotg, -6.5% for Mg, 13.2% for Ca, 11.6% for Al, and 45.3% for SO,~. Using an
acceptability criterion of 10%, it is clear that the accuracies for Ca, Al, and especidly SO.%, are
unacceptable for the S-40 (used to evaluate MDL for dissolved metals) and S-100 (used to eva uate
MDL for SO,%). With respect to precision (repeatability), an examination of Table 6 shows that dl
parameters except SO, have a standard deviation greater than 10% of the mean detected
concentrations, indicating an unsatisfactory performance of this method for the S-40 sandard as far
as the four dissolved metal concentrations are concerned.
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To reduce the rlative errors in accuracy and precision, the EDXRF method must be used to andyze
solutions much more concentrated than the S-40 and S-100 standards, which is what was done in
this study. It is stated on p. 10 of Rapport GREGI 93-04 that al samples were diluted to
approximately the mid-point of the SO,* caibration curve (p. 19), which is about 6000 mg/L, 160
times the MDL. The approximate dilutions were made on the basis of SO,* of the origind solutions
estimated from conductivity or TDS, usng the relaionship developed in this sudy. If we use 10
times the MDL's as the minimum concentrations of feed samples to EDXRF for acceptable analyses
(i.e., 550 for Fegtg, 355 for Mg, 322 for Ca, 185 for Al, and 381 for SO,*), we find that a grest
majority of analytica results provided in Tables 7 and 8 (except those reported as less than detection
limits) are above these minimum concentrations. The use of EDXRF for these samples is judtified.
Notice one error in Table 7 (p. 12) where the Caby EDXRF is reported as 12 mg/L while the MDL
for Cais 32 (that entry should instead be reported as less than MDL).

Further discussion of the EDXRF method isgivenin Article 5.6.4.

554  Summary

The laboratory techniques used for water chemigtry include instrumental measurements of physico-
chemica parameters (pH, Eh, and conductivity), routine chemica analyses (TDS, acidity, SO,%, and
dissolved metas) by AAS and wet methods, and EDXRF. An empirical correlation was aso used to
cadculate chemicd parameters from TDS or conductivity measurements.

The sdlection of laboratory anaytical methods is generdly adequate. The correlaion method seems
effective for this particular study because of the specid characterigtics of the AMD samples from
Mine Doyon; it may not apply at other Stes. The EDXRF technique has detection limits useful for
andyzing concentrated AMD solutions but is unsatisfactory for characterizing more dilute solutions
such as those from background or discharge monitoring. To be successful, EDXRF must be applied
to solutions with concentrations above certain minima, which is the case with the mgority of the
samples andyzed. This study failed to report an important aspect of chemica andys's necessary for
correct interpretation of chemical data: the preservation of Fe?*/Fe® ratio.

The reports have not presented much QA/QC information related to acquisition of the chemica data,
making evduation of data qudity difficult. The reviewers have relied on the maurity of andytica
techniques, competence of the research team, and agreement among the data generated by different
methods to infer about the data qudity. Our impression is that the mgority of the data presented in
the reportsis of reliable qudity for the purpose of this study.
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5.6 Review Comments by Report

This article reviews seven (among ten) Mine Doyon reports which have more or less geochemica
and/or minerdogical components. The seven reports are arranged chronologicaly according to their
publication dates, and each report is discussed in three aspects (where applicable):  strengths,
weaknesses, and specific comments.

This article deds with content matters only; it does not ded with aesthetic problems such as
typographica errors, grammar and style, content organization, and cross references.

5.6.1 Rapport GREGI 91-19

This is the earliest (written in July 1991) of the Mine Doyon series of reports. It documents most
aspects of the project up to 1991 and provides preiminary interpretation of data. It has three
annexes which contain dl the data up to the time of the report. Some of the preiminary
interpretations given in this report are enhanced, expanded, or modified in later reports, which are
divided into separate volumes according to disciplines (i.e., geochemidtry, microbiology, hydrology,
etc.).

Strengths
The mgor srengths of this report are asfollows:

It is an dl-in-one report, setting out the multidisciplinary framework, and providing good
directions and recommendations for data acquisition for the work to follow;

It documents effectively the early project data in detail, enhanced by well-desgned illugtrations
and graphs; it aso describes experimental methodology;

It recognizes the importance of dlicate weathering and minerdogicd transformations, and
discovers the correlation between various physico-chemica parameters, which was used later
to reduce the number of chemical andyses,

It contains an excdlent review of AMD literature, which presumably ensured good
understanding of the geochemistry and mineradogy of AMD processes by project personnd,
and thus improved the overal project quality.

W eaknesses
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The mgor weaknesses are as follows:.

The geochemicd and minerdogicd interpretations are incomplete, not well-explained, and not
well-supported;

The description of experimentd methodology is overamplified;

QA/QC procedures for data acquisition are not well-documented.

Specific Comments

The interpretations in this report are repeated (and expanded) in later reports. Comments on these
interpretations are given in the following articles under various reports, and will not be repeated here.

5.6.2 Rapport GREGI 93-03

For the most part, this report is about monitoring and modeling of heat production and hesat transfer
(therefore physica aspects) of the south dump. It involves very little geochemisiry or mineraogy,
athough the results from this report have important geochemica implications. The only geochemica
aspect involved in this report is related to the conversion of heat production to sulphate production.

The adoption of the heat production value of 1410 Jmol FeS, oxidized (or 705 Jmol SO#
produced) implies complete oxidation of pyrite to sulphate:

FeS, +350, + H,0 = Fe* +280,> +2H"* +1410J

Despite the fact that this study has identified intermediate sulphur species (such as eementa sulphur)
in the process of pyrite oxidation, we believe that the intermediate species are short-lived and their
amounts are probably steady. For the purpose of modding heat production and transfer, the
assumption of tota pyrite conversion to sulphate is well-made.

5.6.3 Rapport GREGI 93-05

This report, dated March 1994, is an updated compilation of chemicd data for the Mine Doyon
project and contains few interpretations.

Strengths
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The mgor strengths of this report include the following:
It isadocumentation of updated chemica data and experimentd methodology;
It provides a sulphate mass baance.

W eaknesses

The mgor weaknesses of this report are the following:

QA/QC procedures used in data acquisition are not reported, so the quality of the
chemicd data cannot be fully assessed;

There are some flaws in the interpretation of data (see the specific comments below).

Specific Comments

On p. 3, third paragraph, the authors state that "since the original water content of each sampleis
unknown, acidity was calculated using a water content of 5.7%, which is the mean water
content of the dump."” This gpproach assumes that dl the acidity extracted from the drill cutting
samples by the leaching procedure resides in the liquid phase (i.e. the 5.7% moisture), and thus may
have overlooked the importance of "solid" forms of acidity, such as meanterite, hydronium jarosite,
schwartzlite, etc. If the solid forms of acidity do indeed represent a sgnificant portion of the tota
acidity in the unsaturated zone, this approach could have grosdy over-estimated the acidity
concentration in the pore water, and could potentialy account for the observationsin Figure 5 (p. 13)
that many of the cdculated pore water acidity vaues, especidly those in the more acidic boreholes,
are much higher than their corresponding measured acidity vaues in the piezometers. This point was
not noted in the report.

In Table 1 on p. 6, the tota stored soluble sulphate is caculated by a direct scae-up of the leaching
results of the -2 mm fraction of the -2 cm drill cutting samples, ingtead of the entire -2 cm drill cutting
samples. Thisisproblematic. The correct calculation should scale up the leaching result according to
the whole drill cutting sample, not just the -2 mm fraction of it. To illustrate, suppose (1) the whole -
2 cm drill cutting sample is representtive of the waste dump, (2) the -2 mm fraction represents 20%
by weight of the whole drill cutting sample, and (3) the acidity loading per unit weight of the +2 mm
fraction is 1/5 of that of the -2 mm fraction; the calculated total sulphate storage would be 45,387
tonnes, not 126,077 tonnes as calculated in the report. As aresult, the stored sulphate figure given in
Table 1 likely has over-estimated this quantity by 2-3 fold. Consequently, in the statement on p. 5,
"...it represents 7 years of active oxidation," the number 7 should be replaced with 2 to 3.5. If
this contradicts the other caculaions, a source of error has to be sought somewhere ese, for
example, the estimate of pyrite oxidation rate per year (16,443 tly), or the assumption that thisrate is
constant.
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Researchers should have conducted at least one leaching experiment to compare the stored acidity
per unit weight for different Sze fractions.

In Figure 2 on p. 10, dl graphs show a data-point-free window in both the horizonta and the vertica
axes. This could be an indication of some characteristic processes in the acid generation-
neutralizetion reections, eg., depletion of a buffering mineral. Looking into the reasons behind this
observation could potentidly add to the geochemicd and mineralogica interpretation of data. This
point is not discussed nor is the observation mentioned in the report.

One good exercise for checking the quality of solution andyses is to perform a charge baance
computation, which can be easly done for some of the chemicad data compiled in this report. An
acceptable chemica andyss should show a charge imbadance of less than 10%. Despite the large
volume of solution anaytical data, no such check has been mentioned in this report.

56.4 Rapport GREGI 93-04

This report describes a correlation method to caculate certain chemical parameters from TDS or
conductivity and an andyticad technique usng EDXRF to andyze rdatively concentrated AMD
samples.

Strengths
The main strengths of reported methods are as follows:

Both methods have performed satisfactorily for the more concentrated AMD samples from the
south dump;

Both methods are based on sound fundamentad principles and are technically feesble;

The chemicd corrdation method has the advantage of being smple, quick, inexpensve,
cgpable of handling concentrated AMD solutions, and can possibly eiminate the need for
andyses of some chemica parameters under certain circumstances,

The EDXRF technique dso has the advantage of being quick, inexpensive, productive, capable
of performing multi-dementd determinations and handling high solution concentrations, and
requiring only a minute (20 L) amount of liquid sample, which is egpecidly beneficid for
andyzing pressure-extracted pore water because of its smal volume;

Both methods could have "niche’ gpplications when circumstances warrant.

W eaknesses
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The primary wesk points of the reported methods include the following:

Both methods rely on the premise that the solutions being andyzed must follow a congtant
"ggnature’, i.e., the compogtion of the solutions should remain "congtant™ (except for dilutions)
for adequate performance of the methods,

The correlation curves and calibration curves must be updated as the solution chemigtry (the
"ggnature") changes with time;

Although both methods worked well a Mine Doyon, they may not work well a other Sites if
the water chemidtry is not suitable;

Both methods only work well with reatively concentrated solutions; they are not successful for
dilute solutions such as those encountered during background (basdine) and discharge
monitoring;

The cdibration method cannot be used for trace e ement concentrations;

The EDXRF method involves complicated, expensive, and specidized equipment and is prone
to operator/environmental/background errors.

Specific Comments

Add to the end of the last paragraph under this heading the following text (SENES, 1995):

The correlations between acidity, Al, Feqa, Mg, SO, and TDS and conductivity are given on p. 4
with impressve coefficients of determination. These correations are developed usng 69 ground
water samples from boreholes and 41 seepage water samples from weirs collected during two
seasons (spring and summer) of one year (1991) (see p. 2). In the case of Mine Doyon, the seepage
quality has been monitored since placement, and an exhaustive monitoring program carried out in
1990 had shown that the chemica patterns of AMD were wdl-established. Therefore, it was
probably acceptable to develop correlations based on six months data.  However, it could be
dangerous to rely entirely on the caculated vaues for some parameters, particularly at stes with less
well-established AMD chemistry. Chemica andyses should be done regularly at these Sites, perhaps
severd sampling intervas gpart to check the performance of the correlaion curve; more frequent and
complete andyses should definitely be carried out if successive deviations from the correlaion curves
are detected. The limitations of the correlation method should be made clear to anyone who comes
to use any of the calculated chemica parameters.

The authors stated (p. 3) that "these correlations are significant to explain the processes of acid
generation in the dump. Results indicate that |eachate samples from the base of the dump and
the ditches can be viewed as a single solution, showing more or lessdilution. It isthus possible
to establish relationships for the calculation of the concentration of major contributors like
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Fe, SO, Al, Mg and acidity based on simple parameter measurements such as TDS or
conductivity." This qudifying Satement is very important and should be emphasized in the report.
A test of the amilarity of borehole/well data and seepage data gppears to be necessary to apply their
goproach to other gtes (i.e., does dilution explain the differences in concentration levels?). It is
questionable whether these corrdations should be agpplied to leachates from the drill cutting
samples—do the leachates have "dgnatures' different from the ground water samples and the
drainage samples from which the corrdations were developed? The researchers should have
andyzed more of the leachate samples to vaidate the gpplicability of the corrdations.

The gpplication of EDXRF is again qudified for acidic leachate from the south dump where the retio
of one eement on another is dmost congtant (i.e. dilution accounts for differences in concentrations).
An important drawback of this method is the requirement for unique standard solutions to prepare the
cdibration curves. The sandard must have a compostion smilar to the leechae. The method
requires the dilution of highly concentrated samples with nitric acid to a narrow concentration range
for best paformance. The detection limits are high compared with conventional chemicd andyses
(eg., AAS, ICP, wet chemigtry). The analyte concentrations should be above a certain minimum for
relidble anaytica results (refer to Article 5.5.3 for comments on the accuracy and precison of this
method).

Tables 7 and 8 (p. 11-12) compare andyticd results by conventiond chemicad andyses, the
correlation method, and EDXRF. For the piezometer samples, the correlation method and EDXRF
ae goproximately equa in acceptability; both can sometimes give very eratic numbers. The
detection limits of the EDXRF method are clearly too high for the pressure-extracted pore water with
respect to Fe, Al, and Mg.

5.6.5 Rapport GREGI 94-04

This report describes attempts to relate results of severa mechanica tests to weetherability (and thus
its effect on the rate of acid generation) of different waste rock types at Mine Doyon. Hydrogen
peroxide tests and image andlyses are o used to characterize pyrite surface aress.

Strengths

The mgor srengths of this report are asfollows:

It is the first systematic attempt known to the reviewers to compare different mechanica tests,
and to relate the results to field and laboratory observations of waste rock wegtherability in an
AMD sudy;
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It is the firg attempt known to the reviewers to use acoudtic cederometry to study AMD
generation from waste rock;

Different mechanical tests, the hydrogen peroxide tests, and the image andyses yielded
goproximately agreeable results;

It looked, abeit with a rough caculation method, at the effect of particle shapes on specific
surface area.

W eaknesses
The reviewers consder the following as the main weak points of this report:
The use of the results from different mechanica testsis quditative in nature;

The hydrogen peroxide test to determine reective specific surfaces of pyrite has faled (as the
authors pointed out);

The authors should have focused more attention on the Magnesium Sulphate test instead of the
Los Angeles Abrasion Test asthey did in the report;

The cdculation of specific surface areasis flawed (see specific comments below).

Specific Comments

The two formulae at the bottom of p. 13 areincorrect. The correct formulae are:
— 2
S, =74

M
27513

These errors are carried to the formula at the top of p. 14, which should be corrected to

7
$p|ale = G >4

S

This error is reflected in Figure 5, where the line representing the plate-shaped particles is incorrectly
located below that of the cubic particles. The correct position for the line should be above the line of
cubic particles, but below the line of disk-shaped particles. It is obvious that the specific surface area
of dongate, platy particles is greater than that of cubic particles when both pass through the same
screen aperture.
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This error is not carried in the calculated specific surface areas of acidic volcanoclagtics (the only
rock type for which a plate shape is assumed for its particles) in Tables 2 (p. 16), 6 (p. 23), and dll
tables in Annexe B.3 (pp. 58-70), because these surface areas are not caculated using the incorrect
formula adifferent route was used.

All numeric entries in Table 6 (p. 23) are incorrect: these are the quantities (pecific areas after
tests)/(specific surface areas before tests); that is, the multiples of after-test specific surface area over
the before-test specific surface areas expressed in percentages, computed using each of the three
shapes (cubic, disc, and plate) for each of the four rock types. All the numeric entries should be
decreased by 100 to obtain the "percent increase of specific surface areas’ ("|'augmentation de
la surface spécifique”), as noted in the caption of the table. In contrast, the figures under
"augmentation” in Table 2 (p. 16) are correctly calculated.

The cdculation of specific surfacesin dl the tables contained in Annexe B.3 (pp. 58-70) suffers from
two flaws. Firg, the bottom sieve for the size andysis (0.08 mm, or approximately 200 mesh) istoo
coarse. The correct procedure should be screening the before- and after-test materid using dl the
dandard seves, with the bottom seve being 400 mesh (0.038 mm), and taking the -400 mesh
materia and carrying out a Sze andyss dl the way down to 0.001 mm (1 mm) using another method
such as settling or automatic Sze analyzer. The -200 mesh materia has a dramatic influence on the
specific surface area. For example, in the top table on p. 60, the specific surface for the sze fraction
passing 0.08 mm is cdculated in this report usng 0.04 mm (haf of the Seve opening), which gives a
value of 648.148 cnf/g. If this fraction were further seved and if we found that 50% is retained on
the 0.038 mm seve, 25% is greater than 0.01 mm, and 25% is less than 0.01 mm, we can cadculate
the specific surfaces asin Table 5-1.
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Table5-1

Calculation of the Effect of -200 M esh Fraction on Specific Surface Area

Specific Surface % Weight x
Size Fraction % by Weight cm2/g Specific Surface
-0.080 mm +0.038 mm 50 439.4 219.7
-0.038 mm + 0.010 mm 25 1080.2 270.0
-0.010 mm (use 0.005 mm) 25 5185.2 1296.3
Specific Surface of the -0.08 mm Fraction (ch12/g) 1786.0

The recdculated specific surface (1786 cmZ/g) amog triples that presented in the report
(648 cmz/g). The effect of this on the specific surface of the entire before-test materia isto increase
its specific surface from 10.53 cm2/g to 21.91 cmzlg, that is, more than doubling the old specific
surface!

The second, less pronounced flaw is the use of discrete average grain sizes for the caculation of
gpecific surfaces. In this report, the specific surface of the -20 mm + 14 mm fraction, for example, is
cdculated usng an average grain size of 17 mm (average of the two Seve openings). Then the
specific surface of the entire sample is caculated by a weighted average of the specific surfaces of
individua sze fractions that make up the sample. It would have been more accurate if a numerica
integration method was used (Cummins et a., 1973, pp. 27-34 to 27-37).

5.6.6 Rapport GREGI 1994-06

Thisisan outgtanding report of the Mine Doyon series, documenting most of the new geochemical
and minerdogicd discoveries of this dudy and presenting some enlightening geochemicd and
minerdogica caculations/interpretations.

Strengths
The mgor strengths of this report are summarized briefly below:

The invedtigative and interpretive techniques are scientificaly sound;
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The integration of information from different andyses (XRD, SEM-EDX, and chemica
andyses) isexemplary;

It has, for the fird time, unveled direct minerdogica evidence of phylloslicate weathering,
buffering, and evolution pathsin an acidic waste rock dump environment;

It has, for the firgt time, presented evidence for the formation of clay mineras from acidic
dteration of phylloglicate minerds,

It has reveded the role of secondary minerd (i.e, jarosite and gypsum) growth in the physica
disntegration of host rock, with the support of direct microscopic observations,

It includes an illuminating comparison between measured and caculated depth profiles of
Slicate dissolution and secondary minerd precipitation;

It uses an interesting approach to calculate vertica mass trandfer;

Conventiond mount and oriented mount are coupled innovatively to yied information on
mineralogica transformations.

W eaknesses
This report has the following weak points.

The mineralogica caculation/interpretation is based on data from only one borehole, BH-7
(SENES, 1995);

The XRD-reveded mineralogy is quditative in naure; it could have been rendered more
quantitetive by making use of whole rock andyses of the drill cutting samples to enhance the
mineralogicd interpretations (SENES, 1995);

The data collected in this project are not used to ther fullest extent in the mineralogica
interpretation (see pecific comments below);

The innovative oriented mount for XRD is not documented clearly enough for others who are
interested in this approach to follow.

Specific Comments

In the mass transfer caculations shown in Table 3 (p. 32), K and Na could have been included in the
mass baance equations. It would be interesting to note the results after addition of these two
eements to see the stability of the mathematicd solution.
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XRD and drill cuttings leach were conducted on virtudly al samples from boreholes BH-1 to BH-7
(see Article 5.3.1). The authors should have used a least one other borehole to vdidate the
mineralogica observations and mass transfer caculations on BH-7. This would be a very worthy
exercise, adding to the confidence in the entire minerdogica study.

Other interesting calculations could have been made using exiging data.  For example, the percent
acid neutraized within the waste dump can be calculated from the concentrations of K, Na, Mg, Ca,
Al, Mn in pore water and toe seepage, and the water balance. This percentage would add to our
ingght into the acid generation-consumption processes taking place indde the dump. The rate of
dlicate dissolution, too, can be computed from data such as annud acidity-akalinity baance in pore
water and toe seepage.

The following comments are made by SENES (1995):

Figure 9 (p. 26) shows that the top 3 m of borehole BH-7 is nearly neutral while the leachates below
4 mare acidic. Severd reasons could be responsible for this observation:  the near-surface part of
the dump could be too cold to support bacterid activity for acceerated AMD generation; the surface
could have been compacted by truck traffic such that air permesbility becomes a limiting factor to
oxidation; the acid generated could have been neutrdized in Stu by acid-consuming minerds; or the
acid could have been washed down by infiltrating water. Which one of these factors (or others) is
dominant? The report does not explain this clearly.

The reference on p. 24 to the lower left part of Figure 6¢ to illudtrate the jarosite rhombohedron
within the muscovite is difficult to locate; Figure 8c shows this much more clearly.

Figure 12 on p. 36 shows the results of mass transfer caculations in an excellent manner, and, when
compared with the minerdogica obsarvations given in Table 1 (p. 12), is very illuminging. The
amilarities are remarkable; trends and relative magnitude have been reproduced quite well, dl lending
credibility to the mass trandfer cdculations. However, the authors neglected to suggest this powerful
comparison.

The recommendations offered in the report (p. 37) do not follow logicaly from the work presented in
the report. The reviewers do not consider the lack of water quality datato be a"main weak point” of
this sudy. The researchers should be commended for usng two different methods (pressure
extraction and leaching extraction) to obtain pore water samples from the waste rock; most
investigators smply rely on seepage samples and rock anadyses to estimate pore water qudity. Inour
opinion, under-utilization of collected datais aproblem than "lack of data”, given the undersanding
that one of the objectives of the project was Smply accumulation of data. No attempt was made to
correlate pore water and leachate quality data with seepage data.
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5.6.7 Rapport GREGI 1994-12

This report is an excellent overview and summary of the entire Mine Doyon study. It pulls together
al the pieces comprising the study and integrates them into a coherent document. It dso presents
some work which has not been documented in other reports (eg., infrared thermography and
numerical modeling).

Since this report integrates separate reports in the Mine Doyon series, most of the strengths and
weaknesses of the earlier reports adso apply to thisreport. Many parts of this report have duplicated
the texts and structures of the earlier reports, thus many of the specific comments made earlier on the
Separate reports are aso valid for this report. The strengths, weaknesses and specific comments will
not be repeated here, and the reader is referred to earlier articles for those statements.  What
appears below are strengths, weaknesses and specific comments unique to this report.

Strengths
The main strengths of this report include the following:

It integrates earlier reports and some so-far-unreported work in a concise, logica, and
coherent manne;

It introduces some information missing from earlier reports, provides necessary bridges
between components, and makes the entire Mine Doyon study awhole picture.

W eaknesses
The weaknesses of this report are the following:

Many parts of this report are word-for-word reproduction of the earlier reports, and as a
result, many errorsin the earlier reports have aso been duplicated.

Cross references to other reports are not made in a clear, systematic manner; some links with
previous documents are missing.

Specific Comments

On pp. 1.8 and 1.9, the calculation of NP, and thus the NNP, is based on carbonate analysis (CA).
This gives biased (underestimated) NP and NNP (see Article 5.3.2 under "Acid-Base Accounting™).

In Article 2.3.4, pp. 2.9 to 2.10, equations (4) and (7) are incorrect. The correct equations are

W(1- n)r
nr

w

SN:
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The porosity caculated by the two methods agree excellently.

On p. 3.2, fourth paragraph, the error made earlier in caculating the surface area of a plate has been
corrected. However, the plot in Figure 3.1 has not been corrected accordingly (see Article 5.6.5 for
discusson of this error). In addition, the ratios stated at the bottom of p. 3.2 (i.e., 1.47 (disC) :
1.17 (platelet) : 1.00 (cube)) are incorrect, the correct ratios should be 4.00 (disc) : 1.17 (platelet) :
1.00 (cube).

On p. 3.4, the numbersin Table 3.2 are different from those given in Table 2 of Rapport GREGI 94-
04, yet the sze digribution curves (p. 3.5), which supposedly underlie the caculations of these
numbers, are identical to those presented on pp. 56-57 of Rapport GREGI 94-04. How this is
possibleis not explained in the report. In addition, the determination of specific surfacesin this report
suffers from the same two drawbacks as discussed in Article 5.6.5 under " Specific Comments.”

The discussion of the large amount of data generated from monitoring AMD at the weir stations (pp.
5.7 to 5.14) is largdly qudlitative (except the caculation of sulphate and acid production), and does
not add much ingght to this sudy.

The report states in the second paragraph of p. 5.43 that "chlorite dissolution will contribute in
neutralizing the pH of the solution as seen in equation (6). However, if the pH remains low, Al
will likely remain in solution and contribute to acidity." This Satement is confusing; it conveys
the connotation that chlorite dissolution will contribute less towards reducing the solution pH when Al
isinsolution. Thisisuntrue. Asamatter of fact, when Al stays in solution, the dissolution of chlorite
contributes more towards reducing the solution pH, because the precipitation of Al is acid-generating
and thus lowers the pH of the solution. In addition, the statement appears to confuse the concept of
acidity and pH. Acidity messures the total dissolved concentration of precipitatable metals, while pH
measures the activity of H" ions. It is possible for a solution to have a high acidity yet not very low
pH; conversdy, it is dso possible for a solution to have a very low pH yet not very high acidity. The
gatement should be modified to this "The contribution of complete chlorite dissolution to acid
neutrdization depends on the pH of the solution in contact with the chlorite undergoing dissolution.
When the solution pH is bdlow approximaely 2.5, both Fe3* and AR* will reman in solution,
therefore each mole of chlorite completely dissolved will neutrdize 16 moles of H*, as shown in
equation (6). When the solution pH is between approximately 2.5 and 3.5, Fe3* precipitates but
APR* Hill remains in solution, thus each mole of chlorite dissolve will neutraize 14 moles of H*.
Finadly, if the solution pH is greater than about 5, both Fe3* and AR* precipitate; the dissolution of
one mole of chlorite will neutrdize only 8 moles of H*."

The statement on the same page following equation (7.1) that "...in some circumstances, a net
decrease in acidity will result, mainly by reducing Fe(I1l) concentration of the solution” is
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inaccurate. The precipitation of jarosite from a solution dways reduces the acidity of that solution,
not just "in some circumstances,” as equation (7.1) shows that jaroste takes 3 Fe3*, which is
equivaent in acidity to 9 HT, out of the solution but puts 6 HY back into the solution in the meantime,
causing a net loss of acidity equivalent to 3 H from the solution.

5.7 New Under sanding | dentified from Review

New understandings relevant to geochemistry and minerdogy from this project are divided below
into two parts  techniques and knowledge. In the techniques are included fidd investigation toals,
laboratory andyticd methods, and computationd and interpretive techniques.  Knowledge
incorporates observations, facts, theories and hypotheses. To qudify for "new understanding”, the
techniques or knowledge must be new, or involve a component which is innovetive, to the field of
AMD research.

5.7.1 Techniques

This review condders the following as new techniques in this project for geochemicd and
minerdogicd sudies

1.  The coupled use of conventiona mount and oriented mount for XRD anays's of rock and ol
samplesto identify sweling minerds and preferred orientation of minerd growth.

2. Thecoupled use of SEM and EDX for studying the progress of phyllosilicate minerd dteration
and the path of dteration.

3. The combined use of Los Angeles Abrason Test, Micro Deva Attrition Test, MgSOy4
Disntegration Test and image analys's to characterize the weatherability and its effect on AMD
generation, of water rock samples.

4. The use of acoudtic cderometry for determining the mechanical strength and anisotropy of
rocks leading to evauation of weethering potentid for AMD prediction.

5. Theuseof correation methods to caculate chemica parameters for AMD monitoring.

6. The adaptation of the EDXRF technique for andyzing AMD samples, especidly when the
volume involved is extremdy smdl.

7. Collection of water samples from buried lysmeters for characterization of water qudity in the
unsaturated zone of an acid-generating waste rock dump.
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8. Cdculations of verticad mass trander in a waste rock dump from chemica anayses of drill
cuttings leachates and comparisons of the inferred minerdogicad changes with experimentd
observations.

5.7.2 Knowledge

Some of the following has long been known but lacks field evidence for their support. Where such
fidd supports are afforded by the Mine Doyon study, they are included as "new knowledge' below.
New geochemica and mineralogica knowledge added to the AMD literature by this study include
the following:

1.  For the Mine Doyon case, the different rates of AMD generation by waste rocks can partialy
be predicted by the waste rocks mechanical properties, as determined by the various
mechanica tests used in this study.

2. For AMD with well-defined chemicd characteristics, good corrations between different
chemica parameters exist to such a degree that some chemicd parameters can be calculated
from others with acceptable accuracy, and such correations can be taken advantage of to
reduce loads of chemicad andysisfor AMD monitoring.

3. Wesahering of slicate minerds is wel defined a Mine Doyon. It is shown to be able to
contribute significantly to acid neutrdization in a waste rock pile. When high concentrations of
Al and Mg are encountered in the drainage of a waste rock dump which is known not to
contain dgnificant amount of Al and Mg oxides and hydroxides, fast weethering of
auminoslicates, which contributes to acid consumption, should be suspected.

4. It is obsarved that iron hydroxide precipitates can coat fresh or partidly oxidized pyrite;
jarogte can cryddlize indde muscovite between the sheets, and gypsum can form aong
schistosity planes. The latter two processes help break up minerads and rocks and expose
fresh pyrite for oxidation, accelerating acid generation and weathering of waste rock.

5. Evidence is observed for progressive wegathering of phylloslicate minerd: chlorite undergoes
complete dissolution, rdeesng Fe, Al, and Mg to contacting solutions, muscovite and
paragonite are transformed to a smectite-like, swelling minera phase by losing structura Al, K,
Na and gaining Mg before being completely transformed. The find resdud phase for dl three
mineralsis amorphous slica

6.  The primary minerds, secondary minerds, and the solution interact with each other to achieve
the observed minerd transdformations, as well as pore water and seepage compostion.
Westhering of dl three mineras (chlorite, muscovite, paragonite) releases Al, which account

73



Report List

for the high Al concentrations in the pore water, leachate, and seepage. Muscovite releases K
and paragonite releases Na, which are necessary for the formation of K-jarosite and Na
jarosite, respectively. Dissolution of chlorite releases Mg, which is taken up by muscovite and
paragonite, by trandforming themsdves to a smectite-like intermediate weethering phase.
Oxidetion of pyrite generates acid which crestes a suitable environment for jarosite formation.
Part of the acid generated is consumed by the dissolution of dl three minerds.

7.  Chemicd profiles of leachate extracted by leaching drill cuttings can be used to cdculate
verticd mass transfer, which describes the loss of primary minerds and gairvloss of secondary
minerds a different depths. The minerdogica information so derived can be compared to
observed minerdogicd profiles, and in the case of Mine Doyon, the caculated mineralogy
reproduced most of the important features of the observed mineralogy, indicating the success
of this approach.

5.8 Application of New Under sanding

This aticle consders the gpplicability of the new understandings identified in Article 5.7, which
include new techniques and new knowledge, for two broad categories of people: AMD researchers
and mine operators. AMD researchers are manly interested in finding out the mechanisms of acid
generation, consumption, and trangport; developing means of predicting AMD rate and duration; and
searching for methods to prevent or mitigate AMD. Mine operators are more concerned with the
practica aspects of AMD: monitoring AMD for compliance, decommissioning acid-generating
materids in the most cog-effective way, and esimating the cost of the decommissioning of such
materias. Regulators, consultants, and other interested parties may aso find thisinformation useful.

5.8.1 Techniques

For ease of presentation, the same numbering as that of Article 5.7.1 is used for identifying
techniques. For each technique, its applicability for AMD researchers and mine operators, when
appropriate, is discussed.

1. Coupled Use of Conventional Mount and Oriented Mount for XRD Analysis Thisisa
very specia technique and can be used by other researchers to study minera transformation
during westhering processes. It isnot likely to be used by mine operators.

2. Coupled Use of SEM and EDX These are dso specidized techniques most suited for AMD
researchers in thelr quest for mechanisms of minerd dteration. It is not likely to be used by
mine operators.
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Combined Use of Los Angeles Abrasion Test, Micro Deval Attrition Test, MgSOy4
Disintegration Test and Image Analysis These tests are not yet fully developed for
characterization of AMD from waste rock. Researchers can further explore these tests and
find one or two that are most suitable for the above purpose. A large amount of test work is
required to validate and calibrate these tests to field observations quantitatively. Once one or
two tests are fully developed, they can be used by researchers and mine operators adike as a
tool in the AMD prediction toolbox, especidly during the early stages of mine development.

Acoustic Cderometry This is an interesting new test for waste rock characterization. The
same can be said about this test as about those in (3) above.

Corréation Method to Calculate Chemical Parameters for AMD Monitoring This
technique would be interesting to operators of mines whose AMD has wdl defined
characteristics and has been monitored for sometime. The correlation can then be developed
using a higtorica database, and the technique can be used to reduce the number of chemica
andyssof AMD samples. Thistechnique, however, will be useful to alimited number of mines
(where drainage is heavily contaminated and its chemicad composition is stable over time).
When this method is used for AMD monitoring, the vdidity of the corrdation should be
checked periodicdly; the data so generated should be clearly marked as "caculated vaues';
and the limitations of the method should be conveyed to those who use these numbers. Asa
monitoring tool, this technique would have little value to AMD researchers.

EDXRF This technique may be used by researchers under stuations smilar to those a Mine
Doyon, i.e., when a large number of very contaminated samples, some of which are available
only in tiny volumes, need to be andyzed, and when the necessary equipment is dready
available. We do not see this technique spreading to the mining industry for routine AMD
monitoring because of the high expense and specid expertise associated with running the
equipment.

Collection of Water Samples From Buried Lysmeters Thisisadmple, rdaively chegp
technique to collect unsaturated-zone samples from waste rock piles which otherwise are
difficult to obtain. It can be used effectively by AMD researchers as well as mines who wish to
monitor unsaturated zone water quality.

Calculationsof Vertical Mass Transfer This is a computational/interpretive technique thet
can be adopted by other AMD researchers and, when used properly, can generate very useful
indght into the AMD processes taking place within a waste rock pile. Its use, however,
involves intendve data collection (sampling by drilling, chemicd andyses of leachate extracted
from drill cuttings, and XRD andyses of drill cuttings), and thus is probably limited to reletively
large AMD research projects. Itisnot likely to be used by mine operations.
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5.8.2 Knowledge

The same numbering asthat of Article 5.7.2 is used for identification purpose. For each piece of new
knowledge, its applicability for AMD researchers and mine operators, when appropriate, is
discussed.

1. For AMD researchers, this piece of knowledge adds a little more incentive for sdecting and
gandardizing some of the available mechanicd tests through field vdidation and cdibration for
the purpose of AMD prediction. It may even be worth attempting quantitetive use of the test
results in mathematica predictive models. Mine operators should wait until such tests are
proven before they accept them for routine use.

2. For mine operators whose Stuation judtifies the use of the corrdation method for AMD
monitoring, this knowledge should give them confidence in adopting it. For researchers, this
knowledge is nice to have.

3. Acid consumption by slicate minerds is portrayed by some researchers as being too dow to
contribute sgnificant NP.  This knowledge should give these researchers serious second
thoughts. Silicate minerds, especidly phylloslicaies, can potentidly offer large buffering
capacity where infiltrating water moves very dowly, affect water qudity, and should not be
overlooked. For mine operators, when high concentrations of Al and Mg are encountered in
the drainage of a waste rock dump which is known not to contain sgnificant amount of Al and
Mg oxides and hydroxides, they should suspect and investigate fast weathering of
auminoslicates.

4.  This knowledge adds to our AMD literature and contributes to our genera appreciation of
AMD-generating and AMD-consumption processes. It aso gives modellers a little more
confidence in writing their AMD prediction dgorithms. For mine operators, this knowledge
may help them understand their field observations and their drainage chemidtry.

5.  For both researchers and mine operators, this knowledge points to the need for collecting
complete AMD chemigtry for research. It dso heps explan why AMD prediction and
characterization are Ste-specific. The dynamic nature of the interactions between minerds and
solutions shows that AMD processes are indeed complex, and prompts mine operators not to
trus AMD predictions by mahematicd modds blindly. The knowledge can dso have
goplications beyond AMD prediction: it can provide clues in predicting stability problems in
wadte rock dumps (such as subsidence and failures) from minerdogy and petrology of the
wadte rock; it can help reved minerdogicd transformations taking place in a hegp leaching
operation and the effects of the mineralogical changes on solution chemidtry, vaue recovery,
and pollution control; and, it can even hep to pinpoint soil conditions for plant growth for
reclamation purposes. In addition, the comments made for point (4) above apply aswell.
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6. Seepoint 5 above.

7. This knowledge gives researchers confidence in using the mass transfer calculations as an
interpretive tool.

5.9 Futur e Studies and Associated Costs

In the reviewers opinion, the geochemica and mineralogicd work conducted by the Mine Doyon
research team is self-contained and mostly complete. There are no maor gaps left to fill and no
maor flaws to correct. Nevertheless, there are a few aspects to improve on. These are given
below, dong with roughly estimated costs associated with them.

Trace Element Geochemistry

The report mentioned that in the 1991 data collection campaign dissolved trace metds such as Cu,
Pb, Zn, Ni, and Cd were measured. These data have not been discussed in any of the ten reports.
We al recognize the importance of the presence of trace metds in mine drainage, because they are
magjor contributors to aquatic toxicity. Although most of the trace metd's can be removed easily by
precipitation in trestment processes, we gill need to know ther levels in mine drainage, and what
controls their solubility, to assess the environmental consequences of ground water leakages,
accidentad spills, and uncontrolled discharges because of unusud high floods. In thissensg, itisalittle
surprising that the Mine Doyon research team opted to leave the trace meta geochemistry untouched,
given the outstanding work they have performed on minerdogy and geochemistry of mgor eements.
As a matter of fact, the geochemica controls of dissolved trace metads in AMD are a primary
concern for many AMD research projects around the world.

It would be very worthwhile to study the trace metal geochemistry (i.e., what controls the releases of
trace dements from primary minerals and what controls their concentrations in AMD) using the
exiging database and relate it to the geochemica and mineralogica findings dready made. Thiswork
may be an excdlent candidate for a graduate thes's to be supervised by one of the origind research
team members. The gpproximate cost of this work is estimated at $20,000 - $25,000. It is not
recommended to conduct a large, new sampling campaign or a large amount of extra chemica
andyses of old samples.

Further Analysis of Monitoring Data

The vast amount of water monitoring data are only quditatively examined in the Mine Doyon reports.
The reviewers condder this an under-utilization of these data. It is possible to perform cause-and-
conseguence and datigtica analyses on the precipitation, water quality, and drainage flow monitoring
data to study the parameters controlling the release of acidity and contaminants from the waste rock
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dump (induding hydrologicd, hydrogeologicad and geochemicd parameters).  If meaningful
relationships are produced by this exercise, the tempord and spatid variations in acidity and
contaminant loadings may be better understood. (It was learnt recently that this is being undertaken
as part of a separate MEND project.)

The cogt of this research is estimated a about four weeks of professona time of an expert
specidized in geosciences and statistical andysis, or about $13,000.

Validation of Mineralogical and Geochemical Conclusions from BH-7 Data

One wegkness of the work dedling with minerdogicd transformations is the use of only one
borehole's data for the minerdogica and geochemical conclusons. It would be worthwhile to
vdidate the conclusions through a amilar exercise, using data from another borehole (there are six
remaining boreholes to choose from). It is understood that XRD and leachate chemica data are
avalable in the exiding database; thus (qudlitative or semiquantitative) minerdogicd profiles can be
congructed and vertical mass trandfer caculated without further testing. Only limited SEM-EDX
examinations are needed, provided that the drill cuttings have been well preserved. Otherwise, the
SEM-EDX work can be omitted. The estimated cost of this work is $15,000.

Correction of Flaws and Quality Control of Reports

Some rdlatively minor flaws are identified in this chapter, and others in other review chapters. These
should be corrected. The qudlity control of the ten reports submitted for review has been quite poor
and should be redone according to an acceptable standard. Since these two aspects do not belong
exclugvey to geochemistry and minerdogy, a cost estimate will not be given here.

5.10 SUmmary

The reviewers consder the geochemicd and minerdogica work in the Mine Doyon project an
illuminating sudy. No mgor flaws are identified by the review, and no mgor gaps are Ieft to fill.
Some minor to somewhat sgnificant flaws were found and presented in this chapter. The following
summaxrizes the main conclusions reached in this chapter.

Solid Characterization - Fiedd Work

The drilling method used is sate-of-the-art for sampling waste rock dumps and the trenching and
pitting methods are consistent with industry standards. The locations of boreholes, trenches, and pits
are properly sdlected, and the sampling procedures agree with accepted practice. Observation and
logging of samples are first class and well documented. The paste pH data gppear rdidble. The
particle sze digtributions determined, however, are not representative of the entire waste rock pile,
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and the percentage of the size fraction greater than 0.5 m is not quantified, making it impossible to
determine the total surface area of the materid contained in the waste rock pile.

Solid Characterization - L aboratory Work

An impressive number of solid characteristics have been determined. The use of drill cutting leachate
andyss, whole rock analyss, and ABA appear appropriate as means of obtaining representative
data; the use of XRD, SEM-EDX, and pore water chemicd analys's seems adequate as a means of
gathering typicd data. Hydrogen peroxide test, image andyss, and mechanica tests are useful and
innovative, but are only preliminary atempts. The methodologies are generdly well concelved and
goplied, dthough some pitfdls and subtleties cdl for atention when interpreting the data
Improvements could be made by coupling XRD with whole rock analys's, by using a titration method
to determine NP, and by focusing attention on the MgSO,4 test. The hydrogen peroxide test is not
worth pursuing as amethod for determining reactive sulphide surface.

Water Chemistry - Fidd Work

The ingdlation of monitoring wells a Mine Doyon is of textbook qudity. The lyameter desgn is
exemplary, dthough it may not be suitable at dl Stes, such as where large boulders dominate. The
sampling, handling and storage of water are in accordance with industry standards. However, the
flow measurement insrumentation were a one time defunct (this has now been corrected). The
wesether gation should have been ingaled at the south dump insteed of the mill.

Water Chemistry - L aboratory Work

Sdection of laboratory andytical methods is generdly adequate. The corrdation method seems
effective for this particular sudy. The EDXRF technique has detection limits useful for andyzing
concentrated AMD solutions but unsatisfactory for characterizing more dilute solutions. EDXRF
appears to be successful in this study. The method for preservation of Fe2*/Fe3* ratio for chemica
anaysisis not reported.

Review Comments by Report

The geochemica and minerdogica components of seven of the ten reports of this sudy have been
commented on report by report. Maor strengths, magjor weaknesses, and most prominent specific
comments are documented.

New Under standing | dentified from Review

New undergandings from this project are identified as techniques and knowledge. Techniques
include fied invedtigation tools, laboratory andyticad methods, and computationa and interpretive
techniques. Knowledge encompasses observations, facts, theories and hypotheses.
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Application of New Under standing

The gpplicability of each of the new understandings (technique or knowledge) is consdered for two
broad categories of people: AMD researchers and mine operators.

Futur e Studies and Associated Costs

No mgor gaps are left tofill in thisstudy. Four potentid future studies are identified.
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6. MICROBIOLOGY

6.1 Gener al Points

The objective of the Mine Doyon study on microbiologicd diversity was. "to evaluate the influence
of temperature and anoxic conditions on the activities of ferro-oxidizing and thiooxidizing
bacterial strains within the south waste rock dump of Mine Doyon™ (Guay, 1994, p.63).

Despite mgor differences of opinion among scientists working on the study of acidic mine drainage
(AMD), with respect to the relative importance of the different reactions involved, it is generdly
acknowledged that bacterid leaching of sulphide minerdsis the result of a complex process involving
the direct action of bacteria as a catalys, the indirect action from ferric ions and the eectrochemica
interaction of the different mineras present on specific stes. All these reactions are interconnected
and they lead to AMD which is a mgor problem in the mining industry for the closure of reective
taillings deposits and waste rock dumps.

Thiobacillus ferrooxidans and Leptospirillum ferrooxidans are bacteria species that have been
linked to AMD generdtion in different mining environments, but in fact, a rather widespread microbid
community develops in these dtered environments and their diversty is probably more extensve than

initially thought.

The Mine Doyon sudy examined this microbid diversty from severd different aspects:
microbiologica analyss of borehole cutting samples, microbiologicd andyss of groundwater and the
influence of various physico-chemical parameters on the oxidization of ferrous iron to ferric iron on
reference drains and isolates taken from the sudy sSte.  Evduation of the physico-chemica
parameters are particularly important with regard to the presence or absence of oxygen, based on the
generdly recognized fact that the ferro-oxidizing bacteria mentioned above are obligate aerobes.

Successful AMD prevention drategies using dry or wet barriers depend on the restrictive conditions
imposed by the anaerobic environments created by the barriers. Temperature is another physica
parameter that needs to be evaluated with regard to growth of the microbia community present. As
a species, bacterid communities can only tolerate certain differences in temperature and this can act
as a limiting factor. However, as a group, bacteria can grow in a wide range of temperatures
according to the temperature tolerated by each species. A wide range of temperatures can thus be a
factor influencing microbid diversty.

Autotrophism of ferro-oxidizing bacteria dong with specific diet needs, serioudy limits the use of
conventiona bacterid counting methods. The work carried out on the description of a bacterid
counting method for ferro-oxidizing bacteria has the objective of providing a more accurate counting
method by avoiding the main difficulties related to the use of solid media
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6.2 Microbiological Diversity

6.2.1 Isolation and Culture of Microorganisms from Borehole Cuttings and Physiological
Properties of the | solate Growth

Following the drilling of observation well No.1 a the Mine Doyon south waste rock dump, cutting
samples (21) were retrieved at depth intervals of 1.52 m over the totd length of the borehole (total
depth of 30.5 m). In order to verify the behavior of the isolated strains with respect to the increasing
temperature, and dso to eva uate the thermaophilic conditions of the isolates, two different gpproaches
were used. The firg approach consisted of culturing isolated strains at 25°C and then culturing its
positive subculture a a temperature of 5°C higher than the first one in anew culture media (dilution at
1/100). This approach was repeated until a growth temperature of 40°C was reached. The second
approach was the direct culture of 3.0 g in the culture media for which each sample was hatched a
each of the following temperatures. 25, 30, 35, 40 and 45°C.

The results from the first approach showed little postive growth at temperatures higher than 35°C.
This was an unexpected result for the author who wanted to isolate thermophilic pecies. On the
other hand, the second gpproach dlowed the isolation of moderately thermophilics able to grow a
temperatures of 40 and 45°C. According to the author, ferrous iron oxidizing rates (criteria used to
measure the oxidizing activities of the isolates) seemed greeter for strains sampled in the firgt 10-12
meters of the borehole. However, the results presented in Table 4 (Guay, 1994, p.24) showed a
rather uniform distribution of the oxidizing rates.

Strengths of this Section

The preservation and characterization approaches employed to isolate the various drains were
successful in preserving what gppears to be the main representatives of the microbia community
present at various levels.

Sampling and sample handling were well conducted. The proposed approach can even be of interest
for scientists working in this fiedld. The use of two subculture gpproaches to evauate the mesophilic
or the thermophilic conditions of the isolates gppeared to be very appropriate and should be kept in
mind for the future,

The growth and the oxidizing activity a temperatures exceeding 42°C are not usudly encountered for
the thiobacilli srain. Despite the fact that the identification and characterization of the strains could
have been taken further, the growth and moreover the microbia activity at 45°C can be expected to
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be sgnificant. Species responsible for this microbid activity would be of the moderately thermophilic
type.

W eaknesses of this Section

It would be paingtaking for someone to reproduce the sampling gpproach used; information to put
together the protocol of sampling would have to be obtained from different sections such as the
"Materid and Approaches', the "written section on results’ and the "figures and tables of results'.
The composition of the nutrient solution at pH 2.0 is not described in the report (Guay, 1994, p.6).
Isit from the 9K solution (Silverman and Lundgren, 1959)? Regrouping dl the rdlevant information
in the section on "Materiads and Approaches' would facilitate reference to these approaches.

As mentioned above, culture sampling approaches have been judicioudy sdected and conducted.
However, it would be gppropriate to modify the second approach in order to be able to isolate
thermophilic species that would most likely be lost by dilution in the course of the first subculture
series. Despite the fact that the reasons given to explain the absence of moderately thermophilics
appear acceptable, it would have been interesting to aso isolate thermophilic strains and to evauate
their contribution to the total oxidizing activity.

6.2.2  Microbiological Analysisof Groundwater

Thisandysisistwo-fold. One aspect is relaed to sampling of groundwater and the other to culturing
of isolates taken fromwell Nos. 1, 2, 4 and 6 at depths varying from 30.5 to 42.5 m. This sampling
was conducted jointly with an evauation of the preferentid colonization on four types of minerds
pyrite, sphalerite, calcopyrite and sulphur. For this, a bacteria trap device was developed. These
devices were placed in the wells, then withdrawn after 40 days. A series of chips from each of these
minerds were treated upon therr withdrawa from the wells for andys's under scanning microscope
and the rest of the chips, aswell as groundwater, were kept for microbiologica anayss.

The results presented in this section of the work by Guay (1994) are related more to the colonization
of different media, as detected by the scanning microscope. Tables 5 and 6 (Guay, 1994, pp. 33
and 34) present the author’ s observations. Based on photographs (Guay, 1994), the author believes
that a certain microbiologica diversty is present in the groundwater because of the presence of many
morphologica types observed. Based on the shapes and dimensions of the bacteria, it is believed
that thiobacillis on pyrite, calcopyrite and sulphur in well Nos. 1 and 4 is probable. In this last well,
sphalerite would dso be a medium, according to the text, but there is a mention of uncertain
colonization for the same medium in the same well in Table 6.

Strengths of This Section
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The microorganisms trgp device is innovative and can prove to be of interest for other sites which
require Imilar sampling. This approach has smulated colonization conditions on different media and
has aso isolated groundwater samples by making the best possible effort to preserve the microbia
community diversty present in the dump. Thisisan effort worth mentioning.

Weaknesses of This Section

It is not mentioned if the various minerds introduced in the bacteria trgp device had been previoudy
derilized or if they had been under the effect of an early stage of oxidization.

Results noted ++++ on Table 6 (Guay, 1994, p.34) indicate the appearance of sgnificant colonized
surfaces by microorganisms, and as anticipated by the author, there could be more than one bacteria
type adsorbed. One can question why photographs showing very different gppearances (well No. 2-
E on pyrite and well No. 4-K on pyrite o) are presented to be smilar. Magnifying scaes could be
the explanation. Since this is a comparative study, it would have been gppropriate to have more
comments on these photographs. It is dso uncertain, given the scde presented, if there is
colonization on calcopyrite in well No. 4-I.

However, the possibility that certain structures resembling bacteria could rather be the result of iron
hydroxide crystdlization in the form of low pH globules, eg. Figure 9-A (Guay, 1994, p.26), is not
discussed in the results (no abiotic controls) nor in the interpretation. At bet, on Table 6 (Guay,
1994, p.34), wel No. 6-N (pyrite) is noted "uncertain” in regards to bacteria colonization, while well
No. 6-M (calcopyrite) is noted as "weak colonization”. Based on the photographs, the difference is
not obvious.

Biologicd diversty is discussed and the results presented show the efforts taken to preserve a
potentid microbid diversty that could have been present under two different conditions: more than
one bacterid type, and pleomorphism of T. ferrooxidans. The pleomorphism of T. ferrooxidans is
described in Appendix 11 instead of Appendix | asindicated (Guay, 1994, p.37).

The microphotographs mentioned above are the only ones given in regard to the diversty of the
isolates coming from groundwater. The morphologica variations described would be based on the
observations made from these microphotographs.  The different morphologica conditions described
in the text and presented in Appendices | to IV are thus the result of an association between
dructures dready described (Appendices 1 to V), and observations made from the
microphotographs in the report. Unless the origina photographs are more convincing than the prints
in the report, only the dimensions and the globa shape can be compared. Under these conditions,
the nature of the microorganiams is more an gppraisa than aformd identification. A summary of the
physico-chemicd characterigtics of each sampling point, along with the suspected adsorbed species
on the minerds, and the estimated species present in the groundwater, would have fecilitated the
overdl undergtanding of the community dynamics present at these Stes.
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The author mentions that his results on the microbiologica diversty in hogtile environments such as
groundwater are in contradiction with the conclusons of many scientists who identified these
environments as being colonized by rdaively uniform bacteria communities. Since the authors are
not mentioned, it is difficult to verify this Satement. However, this diversty would be more
representative of ared ecologica system even under such a hostile environment. Besides, sandard
and recent references confirm this.  Brierly (1978), Harisson (1984), Hutchins et d (1986) and
Schippers et a (1995).

The bacterid count was conducted using a modified method of the most probable number (MPN).
The reference given (Lafleur et d., 1993, p.15) does not appear in the list of references. This
method is described in a separate report discussed in Article 6.4 of the present document.

Table 1 rather than Table 7 (error on page 13 Guay, 1994) gives the chemicad compostion of the
groundwater in well No. 4 that was used to prepare the culture media. The use of water coming
from a naurd environment to isolate indigenous drains in groundwater is a good approach.
However, this water is not well characterized. Indeed, only 4 of the physico-chemica parameters
(pH, redox potential, conductivity and dengity) were directly measured. lon concentrations were
cadculated from corrdations that are not included. Direct ion concentration measurements would
have been more appropriate.  Moreover, badc sdt (phosphate, potassum, ammonium)
concentrations were not specified, nor were the solubility limit for the carbon dioxide (source of
carbon for the autotrophic bacteria) in this heavily minerdized water.

One can dso question why groundwater that was used to prepare the culture media did not come
from well No.1. Indeed: "the ferro-oxidizing conditions of the strains were only observed in
well No.1" and it is dso mentioned that "the physico-chemical conditions of the groundwater
were very different from one to the other” (Guay, 1994, p.25).

6.2.3 Influence of Energizing Media and Temperature on the Microbial Oxidation of
Ferrouslon

The objective of this series of experiments was to evauate the oxidation potentia of indigenous
bacteria a the Site, which conssted of the bacteria isolated from groundwater (see Article 6.2.2) in
regard to ferrous iron, when put in the presence of ferrous sulphate, dementary sulphur and pyrite
within the energizing media possibly present in the waste rock dump. In the "Approach” section, it is
mentioned that the metabolic activity on various sulphurized media had been measured by
acidification of the culture media or by volumetric messurement of the residua concentrations of Fe?*.
However, the section on "Results’ does not indicate concentrations of ferrous iron non vaues of pH
measurements.  The inoculum used was made from a groundwater specimen retrieved from each
well, added to 4 volumes of a gerilized solution of basic sdts (9K media without ferrous sulphate).
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Table 7, which shows a bacterid count corresponding to the tested media and to the different
hatching temperatures, adds to the credibility of the possible microbiologica catayzed oxidation.

Strengths and Weaknesses of This Section

The methodology for this series of experiments would need to be clarified. Was the control

composed of avolume of water stexilized by filtration to which was added 4 volumes of 9K solution
(without ferrous sulphate)? A wesk activity from bacterid origin could ill be observed in such a
control: an enzyme whether from extracdlular origin (most likely the case), or whether from becterid

burst could survive in sufficient numbers in the filtrate to alow their detection. In this way, the control

would not realy be abiotic. The author gppears concerned by this fact when he mentions that, "We
have moreover noted that a certain chemical reducing and even biological activity with
regard to the presence of iron could take place in the culture media used (hatched or sterile)”,

(Guay, 1994, p.38). From amicrobiological standpoint, this media control proved to be necessary,

but is does not seem to be an appropriate abiotic control to indicate the chemica activity of thein-situ
system regardless of the degree of biologicd activity. It should be noted, however, that activity from
amicrobiologicd origin that could be present in the contral is very little when compared to thet in the

tests, and it is dso reasonable to think that the difference could be significant.

For this series of experiments, microbiologica activity was only measured by ferrous iron oxidation.
Sulphur and pyrite oxidation have unfortunately not been quantified. A rapid decrease of ferrousiron
means that the sulphurized medium is dowly oxidized giving alow ratio of Fe**/Fe*. Fe?* isareadily
oxidizable subgrate for T. ferroxidans. The amounts of dementary sulphur or pyrite added to the
inoculated tests, Figures 11B-C, 12B-C, 13B-C, 14B-C and 15B-C (Guay, 1994, pp. 41 to 54)
are not specified.

The sterile controls show an increase in Fe* concentration, in paticular a higher temperature
(42°C), which suggests loss by evaporation.

Even if the connection between a number of microorganisms and the oxidizing activity is not perfect,

this series of experiments does show that Fe** can be oxidized in the presence of microorganisms.
However, thisis not new information.

6.3 Anaerobic Respiration by Thiobacillus ferroxidans

Isolates coming from groundwater in well No. 4 have been cultured in the presence and in the
absence of oxygen, the latter to smulate field conditions under 30 m of waste rock. Upon complete
aerobic oxidation of ferrous iron, eementary sulphur or sterile pyrite has been asepticadly introduced
into the vids, which were subsequently hatched under sationary and anaerobic conditions. High
microba growth was evaluated as well as pH conditions.
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According to the author, the most important finding would be the confirmation of anaerobic
respiration by an isolate containing an undetermined mixture of undefined acidophilic strains of ferro-
oxidizing activity.

In the presence of eementary sulphur, the author has determined rates of anaerobic reduction of Fe**
of 85 mg/Leh for a collection strain (ATCC13661) and of 55 mg/L+h for indigenous bacteria
Figures 16 and 17 of the report show the aerobic oxidation of Fe** and the anaerobic reduction
cycles of Fe*" in the presence of dementary sulphur for both pure and mixed culture. 1t would have
been interesting to add to these figures the pH evolution as well as the control behavior. For Figures
16 and 17, an error has been noted in the vertical axis unit: F&** should read g/L rather than mgy/L.

The author mentions that the presence of dementary sulphur as an intermediary in the oxidation of
pyrite has not been confirmed (Guay, 1994, p.57). In the presence of pyrite, the anaerobic reduction
has not given results which can be reproduced. An approximate rate of 25 mg/L+h has been
mentioned. It would have been interesting to include the experimental results related to this.

Strengths and Weaknesses of This Section

The methodology employed in this section would need to be daified: the media compostion, as
described in the "Materids and Approaches' section (p.15), would be: 100 ml of groundwater
from well No. 4 sterilized by filtration, to which would have been added ferrous sulphate at a
final concentration of 11.5¢g/L and ammonium sulphate at 3g/L". While for the same
experiment, the description in the "Results' section (p.56) is "Figures 16 and 17 present the
results for the growth of T. ferrooxidans ATCC13661 and for the bacterial isolates from well
No. 4 on a culture media composed of 4 volumes of 9K media to which was added a volume of
sterilized groundwater”. Also, as mentioned earlier, the chemicad compostion of groundwater
shown in Table 1 includes a certain number of parameters cdculated from correlaion curves for
which the origin and the integrity have not been discussed.

The same discusson mentioned for the preceding experiment (Article 6.2.3) applies to the control
sample. The presence of an acceptable abiotic control is necessary to digtinguish chemicd activity
from microbiologica activity. If the aerobic contral is acceptable, it is not necessarily the case for the
anaerobic control.

A more acceptable control for the anagrobic environment would be to filter part of the aerobic
culture in order to remove the bacterid cdls and to precipitate them with hydroxide iron present
before garting the first anaerobic cycle. Even though this control would not condtitute a perfect
abiotic control for the reasons mentioned above, it would at least alow an estimate of the system’s
activity in the absence of anaerobic bacteria and of the sgnificant availability of ferric iron and sulphur
or pyrite.
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The gability of the Sze of the bacterid population is not discussed (10% increase). s the population

in a sationary stage and the anaerobic cycle more an adaptation mechanism than a useful metabolic

way for energy production? Or do the redrictive conditions of the media in well No.1 dlow a
ggnificant growth of the community? It would be logicd tha the anaerobic respiration for these
bacteria dways described as being drictly aerobic, would be an adaptation mechanism giving them a
certain quantity of energy in order to survive. A longer period of time for energy generdion in

anaerobic conditions would then be normdl.

The study of anaerobic respiration is exclusvely based on the transformation of Fe?* to Fe** (this
latter parameter is not actualy measured) and its theorica transformation by eectrons taken from
dementary sulphur (S°). The absence of a smilar reaction with the control would dlow one to
extrapolate that the reaction is complete and totaly microbialy mediated. Thisis an attractive mode
but the results are not conclusive.

Anaerobic respiration from dementary sulphur has been well described among authors referenced by
Guay (1994, p.61). On the other hand, the ability of T. ferrooxidans to achieve anaerobic
respiration from pyrite is sill controversd. Certain studies like the ones by Suzuki et d (1990) and
Sugio e a (1992) have shown the anaerobic reduction of Fe** in the presence of pyrite.
Unfortunately, these studies did not include the use of derile controls. Therefore, the bacterid
contribution to the purely chemical redox mechanism cannot be determined from their results. Lizima
and Suzuki (1989) have found, in an anaerobic reduction via, Fe** in the presence of pyrite. For this
test, the presence of bacteria doubled the Fe** production after 100 minutes in comparison with
indirect leaching (abiotic mechanism). The action of T. Ferrooxidans has been demonstrated since
additional F&** must come from pyrite ateration. These authors mention that they have not studied in
detail the bacterid reduction of Fe** in the presence of pyrite. This is the reason the rate equation
and the kinetic parameters have not been determined. However, there is ill a doubt as to the origin
of the additiond ferrous iron noted in the presence of bacteria: could it come from the inocolum?
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General Comments on the Report

The results on diversty are in generd interesting, but more could have been sad on ther
interpretation as well as on their meaning in regard to previous work. Some of the results, even
though interesting, are rather preliminary results and more work would be needed (i.e. identification
and characterization of the isolates).

The modd presented on Figure 18 of the report is interesting and proves to be an honest effort to
tackle the problem in terms of ferro-oxidizing activity at different levels of the south waste rock dump
of Mine Doyon. However, we do not bdieve in the presence of a sgnificant amount of dementary
sulphur in this waste rock dump. Indeed, the mineralogica characteristics of the borehole cuttings
from well No.1 are presented in Appendix V, page 70 of the report. Elementary sulphur does not
appear. Moreover, it iswel known (Silverman, 1976; Dutrizac and McDondd, 1974, and Lowson,
1982) that very little dementary sulphur is produced in the course of pyrite oxidation.

6.4 TheModified MPN M ethod

6.4.1 Context

The modified MPN method (Guay, 1993) is based on the adaptation of aready existing methods
(micromethods) and aso use of a conventiond presumptive test for the detection of coliform bacteria:
the method for the most probable number (MPN) of coliform bacteria present in water. The MPN
method is a statistical calculation based on a bacteria population size estimate from dilutions and from
the number of pogtive replicates obtained for each dilution. Results are then interpreted usng
standard tables (American Public Health Association, 1976). The author (Guay, 1993) rightly states
that the autotrophy of T. ferrooxidans is a key limiting factor for the use of conventiond methods
prepared essentialy for the heterotrophs.

The author ligts the main gpproaches used before to avoid this difficulty in order to estimate the size
of a population. Various methods are mentioned, which can be divided into 2 categories. One
category can detect organic matter or biomass (direct counting in the Petroff-Hausser chamber, most
of the in-9tu immunologica techniques for the detection of materid, and dl of the biomass scanning
techniques) and the other category can detect viable cells (agar dilutions and agar membraned filters,
etc.). Each of these gpproaches have ther deficiencies. The lack of specificity and the weak
corrdaion with cdls viability redrict the use of biomass detection approaches while the wesk
recovery on solid media condtitutes the main difficulty for the detection of viable cdlls.

According to the author, the rlative toxicity of the geling substances used (agar) would account for
the rather unsuccessful performance of the solid media to sustain vigble units. There seems to be
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common agreement on this point in the literature referenced by the author and aso in other literature
not mentioned here but related to the same subject.

The difficulties inherent to an acceptable detection of viable T. ferrooxidans cells would be related to
the unavalability of solid cultured media beng able to support the growth of
T. ferrooxidans and dso to the lack of precison of the methods used.

6.4.2 Proposed Solution

Based on the discussion above, the author proposes the following method:
1. Viddecdlsdeectioninliquid media

2. Increase in the accuracy and in the reiability of the MPN technique by adapting it as a
microtechnique which would result in two mgor advantages in comparison to the origind
technique:

increase in the accuracy of the gpproach by the use of more accurate instruments
adapted to microtechnique (serologic techniques, Elisa, etc.) and by the use of smdler
volumes which could aso increase the accuracy for serid dilutions;

increase in the replicate numbers, which greatly improves the religbility of this gpproach
in comparison with the origind approach;

3. control of the goproach by direct counting and by detection of viable cells using the dilution
technique on a petri dish.

For this last part, a highly purified gding agent was used: Type I, low EOO agar by Sigma which
should read Type I, low EOO agarose. The use of agarose instead of agar, according to the articles
consulted, would be more gppropriate, and would explain the contradiction between the described
toxicity when using certain agar types and the increase of what gppears to be the same toxic
substance in their culture media.  Indeed, the reference quoted (Johnson et a, 1987) mentions
Agarose Typel.

6.4.3 Reaultsand Discussions

Fird, the author presents the bacteriad count from his three base suspensons which were diluted to
obtain a number of bacteria between 18 and 2 x 10°. Then, the MPN technique was applied on
these diluted suspensons and was controlled by counting in Petroff-Hausser chambers and by
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dilution on petri dishes. The corrdation seems rather good for two of the three Thiobacilli tested.
The explanations given appear to be rdlevant. However, the discusson and aso dl that isrelated to
the culture media is rather painstaking to follow among the references mentioned. In fact, the author
goes rapidly over relevant congderations that are not mentioned in the report:  the choice of agarose
ingtead of agar, the choice of media. The reader must consult many articles to understand these
choices. The author mentions that care is required with isolates taken from the environment because
of the possible contamination by heterotrophic microorganisms. Based on the fact that the Fe TSB
media contains tryptone froth medium which is more favorable for microorganism growth that are
more demanding on the nutrient leve than grictly minerd media, it appears more likdy that this Fe
TSB mediawould be prone to this problem.

In the results presentation, do the variations given represent maximum differences or standard
deviaion vaues? Which method was used to caculate the regresson coefficients? Was estimation
of conformity by the limits of two methods or by a datisticd approach?

6.44  General Commentson the Report

The choice of the MPN technique to detect T. ferrooxidans bacterid population is not new. This
technique was used before by Johnson et a (1987), reference No. 4 in the report (Guay, 1993).
However, without the adaptations proposed by the author, this technique is rather painstaking and
requires the use of many replicates to be accurate. This difficulty appears to be avoided by the
proposed technique. Despite this, another inconvenience remains. in a mixed population taken from
the environment, al of the non-oxidizing populations will be detected, not only T. ferrooxidans.
Nevertheless, the technique described appears interesting in quantifying ferro-oxidizing viable cdls
within a shorter time span.

By its format, this report is closer to a scientific article submitted for peer review. In this context, it
would appear norma that the reader has to refer to the articles presented in the bibliography to
complement the information provided. However, given the fact that this report is for sde to scientists
and not only to microbiologists liable to use this technique, it would be more appropriate to have a
stand-alone document in order to be able to reproduce the technique without having to consult other
documents. A description of the materials and dilution techniques, of the media compogtion, of the
modified gpproach for reading results and dso a table of references for interpretation of the MPN
results would make this report easier to use.
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6.5 New Knowledge Related to the Work

The author would have noticed many different morphologica types on the surface of the waste rock
dump materias and in the groundwater. The diversity would aso be more significant than described
previoudy on the different submerged minerds in the groundwater. As mentioned previoudy, it
would be logicd to think that a certain microbid diversity would be present in a hodtile, disturbed and
nutrient limited environment. Additionaly, a well adapted microbid population is likely to develop
under such conditions. But a the same time, it is essentia that bacteria identified on the minera
aurface are in fact bacteria  Moreover, it might not be the proof of diversty in itsdf but the
improvements in microorganiams sampling and culture methods that will put in evidence this diversty.
In this way, the bacteria trap device is interesting and innovative as well as the culture and sampling
method in two distinct approaches.

On the other hand, the section on anaerobic respiration only sheds new light on the fact thet it can
aso be observed in mixed indigenous bacterid communities. But this gpproach in itself has been
previoudy described by other authors cited, for reference strains, under smilar conditions, and for the
same measured parameters.

According to the author, the fact that isolated microorganisms taken from borehole cuttings were aole
to grow fird, then to oxidize ferrous iron a 45°C, while in previous works, this activity was rapidly
decreasing after 40°C, isnew. In fact, this novelty could be greater than expected if the bacteria part
of this reaction are mesophilic thiobacilli rather than moderately thermophilic. The temperature of
45°C appears to be a non return threshold value for many mesophilic bacterid species. Mesophilic
drains can occasondly grow a 45°C because of specid genes included in plasmides (genetic
information independent from bacterian chromosomic DNA) which in certan cases can be
transferred to another bacteria.  The presence of these plasmides with acidophilic species of
thiobacilli would just add to this rather complicated Stuation.

The adaptation of the MPN technique in the field of microtechnique condtitutes a great improvement
to conduct acidophilic chemoalithotrophic bacterid count. This modified technique alows the use of
less biologica materid for andyss purposes and greetly increases the accuracy of the method
because of the remarkably precise microtechnical insruments used. This technique aso reduces the
time required by the technician on the first day.

Summary Figure No. 18 of the document on microbiologicad diversity (Guay, 1994) conditutes afirst
interesting attempt to identify the different processesinvolved at different levels within the dump.

6.6 Application of New K nowledge
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The new knowledge described in previous Article 6.5 provides a better view of the problems related
to the various mechanismsinvolved a different levelsin the dump.

Some of the results presented are preliminary results on non-characterized mixed communities.
However, these results show that in a complex system such as the south waste rock dump, things are
not as Imple as diminating a bacterid species by amply cutting-off oxygen. Neverthdess it is
obvious that AMD production does not stop immediately by capping the south waste rock dump
with an oxygen-tight barrier. Indeed, indirect leaching by Fe** and anaerobic respiration on pyrite (if
present) are smultaneously going to keep producing AMD. When al ferric iron is reduced to Fe?*
by these 2 mechanisms, AMD production will cease since F&*, in the absence of oxygen, cannot be
reoxidized to Fe** (oxidizing agent for the indirect leaching and electron receiver for the anaerobic
respiration).

6.7 Subsequent Studies and Related Costs

It appears worthwhile to isolate and to characterize strains from borehole cuttings and to grow them
a atemperature equd to or greater than 45°C. It would also be necessary to isolate and to clearly
identify the strains coming from groundwater and to evauate beyond any doubt anaerobic respiration
in the presence of pyrite.

In this sense, choosing Fe** as the sole parameter to measure sirain activity, iron oxidation and its
subsequent reduction from a medium, gppears questionable. Indeed, ferrous iron oxidation and the
reduction of ferric iron are involved in spontaneous reactions (chemicd) as much as in enzymatic
mediation reactions from microbia origin. 1t would be appropriate to identify another parameter to
measure the activity of microorganisms. One dternative would be to substract the contribution from
a drictly chemica origin (indirect leaching) for which the kinetics would have been previoudy
determined, from the results obtained in the presence of bacteria

When anaerobic respiration from pyrite has been dearly demondrated, its kinetics will have to be
evauated (rate equation and kinetic parameters including the influence of temperature) in order to
esimate its contribution in the present date of the sysem and its potentid contribution when the
system is modified to limit the oxygen supply for AMD prevention. A globa numericad modd of the
dte udng the kinetics of indirect leaching and of anaerobic respiration as well as thermd effects,
would be necessary.

Such amodel would alow the prediction of the time span required before AMD production ceases
after capping the waste rock dump with an oxygen-tight barrier.
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From a more fundamenta point of view, it would dso be interesting to determine the metabolic
pathways involved in aerobic respiration mechanisms on dementary sulphur and pyrite. For the most
part these pathways have not been addressed in the references mentioned.

The estimated cogts to conduct the three studies related to the microbiology of the south waste rock
dump of Mine Doyon are presented in Table 6.1. The postive identification of mesophilic and
thermophilic species related to AMD are comparaively costly because it requires sampling on the
gte.

Table6.1
Approximate Costs of Microbiological Studies

Priority Resear ch Costs

I I dentification of strain from drill cuttings and groundwater $70,000

The literature is not very convincing on the existence of this
phenomenon. If ferric iron can serve as an eectron acceptor, the
elimination of an oxygen barrier (cover barrier) will not stop the
production of AMD. However, when dl the ferric iron present
will be reduced to ferrous iron, the production of acid mine
drainage will stop. It isimportant to understand the kinetics of the
phenomenon to predict the time scale before which AMD can
eventually stop (months or years).

I Kinetics of anaeraobic respiration of T. ferrooxidans $40,000

The understanding of metabolic pathways is interesting from a
scientific point of view, and can dlow the identification of methods
to control the phenomenon of anaerobic respiration (if existing).

[l M etabolic pathways of anaerobic respiration $45,000

The relative contribution of thermophilic micro-organisms
compared to that of mesophilic micro-organisms to the production
of AMD is important to verify. However, identification of
bacterid strains associated with AMD is relatively costly because
field sampling is required.
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6.8 Summary

The bacteria trap sampling device congitutes an innovative approach for retrieving in dtu
microorganisms.

The isolation technique using two different gpproaches (subcultures with thermd gradient and direct
hatching at different temperatures) is aso new.

The MPN technique to quantify viable T. ferrooxidans cellsis not new. However, the micromethod
adaptations proposed by the author contribute to make the technique more accurate and reliable.
Nevertheless, one inconvenience remains. the gpproach cannot determine the different ferro-
oxidizing species. The gpproach aso remains rather lengthy in time (about 10 days).

Many eements of the report on microbiologicd diversty are in fact preiminary results. The
identification of the species having colonized the various solid media, is based only on microorganism
morphology. No more advanced biochemicd tests have been conducted to confirm the presumed
identification. The author mentions (Guay, 1994, p.63) that he thinks that he has identified the
moderately thermophilic sulfobacillus ther mosulfidooxidans twice. However, thermophilic species
have not been isolated by ether of the gpproaches. Results on anagrobic respiration of T.
ferrooxidans and of a mixed ste indigenous population, in the presence of pyrite and ferric iron, are
interesting but incomplete. The quantification of the gtrictly chemical contribution of the process, the
identification of a reliable abiotic control and the reproductibility of the results are key eements that
remain unsolved. Even the kinetics (rate equation and kinetic parameters) as well as the metabolic
pathways of this process remain to be clarified.

The comments presented in this section are related only to the GREGI reports submitted to MEND.
The objective of these comments is to give a better understanding and insght of the issues for the
readers of the reports.

We would like to mention that additional comments and details on the methodology, not appearing in
the MEND reports and given by the GREGI team during the review process, asssted in darifying the
research conducted.
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7. PREDICTIVE MODELLING

7.1 Gener al

Predictive modds are based on concepts and underlying assumptions regarding the mechanisms of

acid generation in waste rock and use mathematical relationships as aostract representations of the

important physica, geochemical and biochemical processes that control acid generation. Since 1988,

the Mine Environment Neutra Drainage (MEND) program has supported research to provide a
comprehengve, scientific, technical and economic basis to predict with confidence the long-term
management requirements for reactive mine wastes. The predictive modeling sudies a Mine Doyon
are part of this program.

Ealy studies produced two independent estimates for the possible duration of acid mine drainage
(AMD) at this Ste. These were prepared based on (i) heat balance and (ii) sulphate and iron mass
balances.

Other dtudies at this ste have produced two conceptud models that could be used to support
predictive modeling of AMD:

A conceptud modd of ar circulaion in the hegp was developed based on fidd data
(temperature, gas profiles); and,

A conceptud modd was developed to describe the minerdogica transformation of
auminosilicates associated with acid generation and formation of secondary minerds and
precipitates (e.g., jarosite, gypsum).

Mathematical models for predicting AMD can be classified into two rather broad groups: 1) empirica
models, and ii) mechanistic models.

Empirical models are based on datistica relationships (e.g. corrdation’s, regression) between water
qudity condtituents or variables such as time (e.g., Morin e da. 1993). This gpproach requires the
compilation of a chemicd database from fieddd monitoring data Statisticd andysis is then performed
on thefield data. Often the god isto establish a Single master variable and relate water chemigtry to
this. Other goas may be to identify gpecia or tempord trends in the dataset. Predictions based on
datigticd methods do not reved the complex geochemicd interactions which ultimaiely determine
future conditions in the waste rock pile, but may be used to interpret them. Models based on
datistica datafrom aSte are by nature, site-specific.

At Mine Doyon, an empiricd approach was used to develop Satistical correlation’s that were
gpplied to predict the concentrations of certain aqueous species (e.g., sulphate, acidity, iron, etc.) in
hegp water samples based on measurement of the conductivity and/or the level of tota dissolved
s0lids (TDS).
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Mechanistic models comprise kinetic, thermodynamic (equilibrium), and mass transport expressons
based on fundamentd scientific knowledge (e.g., Scharer et d., 1994; Perkins and Gunter, 1994;
Davis and Ritchie, 1986). The drength of mechanistic modds is that they gpply well known and
proven scientific principles of consarvation of mass, momentum, and energy. These modds are
based on theoretica equations and the solution involves smplifications (eg., smplified geometry,
uniform properties, idedized initid and boundary conditions) and parameter estimates.  The high
degree of abstraction gpplied to modd structure and parameter estimation procedures may result in
poor model performance under field conditions, especidly when adequate data are not available for
mode cdibration. However, these models can be insrumenta for examining the effects of various
options for rehabilitating waste rock dumps, and for evauating potentid long-term requirements for
managing reactive mine wastes.

As pointed out correctly by one of the principd authors of these modding studies, an often
"overlooked, impact of mechanistic numerical modelsis their impact on our understanding of
processes. A model based on sound physical and geochemical principles tells us how the
system represented by the model behaves. It may not be the perfect representation of the
actual system studied, but even the departures of the model from the observed behavior tells
us something about the true system. Mechanistic models thus deepen our fundamental
understanding of the system studied which is something empirical models cannot provide
despite their often important practical value" (Lefebvre, 1996).

Severd different mechanistic models have been developed and applied a Mine Doyon:

Detailed therma modding was performed to assess heat production from sulphide oxidation
and trangport of heat within the waste rock hegp by conduction and advection;

A mahematicd modd (TOUGH AMD) was developed to smulate the transport and
consumption of oxygen, and production of sulphate, as related to pyrite oxidation. The model
was gpplied to gain a better understanding of the current conditions and processes occurring
within the hegp, and to examine the effects (benefit) of placing a cover on the dump.

Subsequent sections of this chapter (i) discuss therma modding studies, (i) provide our assessment
of the available data for predictive AMD modeling at Mine Doyon, (iii) discuss other sudies & Mine
Doyon which can be conddered to support predictive modding of AMD; and (iv) provide our
detailed review comments regarding the TOUGH AMD modd.
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7.2 Thermal Moddling

721 Commentsby Primary Reviewer

The thermd modding is described in the report "Heat Transfer During Acid Mine Drainage
Production in a Waste Rock Dump - La Mine Doyon, (Québec)" (GREGI, 1993-03), and is adso
summarized in Chapter 6 in the overview document, "Monitoring and Modeding of Acid Mine
Drainage from Waste Rock Dumps. La Mine Doyon Case Study” (GREGI, 1994-12). Their study
addresses thermd energy transport and temperature variaion within the south waste rock dump a
Mine Doyon. The database comprises gpproximately 2 years of weekly temperature observations
taken at various depths at 6 locations within the waste rock pile. Theoreticad development largdly
followed previous work by Stallman (1965) for Fourier-type andyss, and papers by Cathles and
Apps (1975), Davis and Ritchie (1986), Pantdlis and Ritchie (1991), and Jaynes et. d. (1983) for
developing and solving one-dimensiond energy baances. The theory was developed and the data
was presented in alogica manner.

The authors developed trigonometric functions to represent the cyclic temperature variaions in the
dump. In addition, they included a linear time-dependent term for long-term trends. The solution
includes a combination of the linear and trigonometric terms.  In our view, the sampling period
presented in the report was far too short to assess any sgnificant long-term temperature trends in the
dump. One of the authors has indicated (Lefebvre, 1996) that subsequent thermd data, not
presented in the report, has confirmed the long term trend identified in this study.

The thermd energy balance was expressed by a second order differentid equation. The generd
equation includes a heat conduction, a heat convection, and a kinetic term expressing the heat of
reection generated by pyrite oxidation. The authors employed smpligtic, first order reaction kinetics
for expressing pyrite oxidation. There are severd problems with their gpproach:

The reaction rate congtant (K 5,) was assumed to be independent of temperature in spite of
voluminous kinetic data indicating a strong temperature dependence;

Their estimate of the heat source term (GREGI, 1993-03, Appendix C, Equation C.4), is
goplicable if oxygen trangport is due to diffuson only, but is not proper if convective mass
transport isinvolved;

The oxygen concentration implied by Equation C.4 is not congstent with oxygen concentration
patterns shown by the authors,

The volumetric heet capacity of humid ar was assumed to be congant, dthough its
dependence on temperature iswell known, and is due to a large extent, to latent hesat effects.
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The andyticd solution of the modd contains one measured parameter (temperature gradient at the
dump's base) and three fitted lumped parameters (A, B and E). Unfortunately the one measured and
two of the three fitted parameters are both site- and run-specific, i.e. they must be estimated from the
avalable data & a given pogtion and time. Consequently their vadue as a predictive todl is
questionable. Furthermore, the derivation and the satistical vdidity of the parameter estimates are
not stated. In any case, the parameter estimates resulted in unredistic expectations of transport
parameters, for example, the effective diffusion coefficient (Dg).

In spite of the limitations discussed above, the modding effort has severd postive aspects. The
andyticd solution of the conduction/advection model is eegant and smple to gpply. The proposed
modeling effort, if correctly gpplied, can give adefinition of the transport parameters, which may need
to be verified by other methods before used in a more comprehensive mode!.

In conclusion, the proposed temperature/heat models have a useful role as an initid step for a more
comprehensive analysis of AMD generdtion.

The principa author of the report explains that one of the intentions of their sudy was to draw
attention to the potentid of therma data as characterization and monitoring tools for waste rock
dumps, "it is very simple matter to install thermistors and follow temperature changes with
time ... thermal properties can then be determined (following their gpproach) and indications of
pyrite oxidation rates can be obtained. Temperature is also a very good global indicator of
the natural evolution of AMD with time and can give reliable information on the impact of
AMD mitigation measures’ (Lefebvre, 1996).

7.2.2 Commentsby Secondary Reviewer

The following comments regarding the therma modeling studies described in the report "Hesat
Trandfer During Acid Mine Drainage Production in a Waste Rock Dump, La Mine Doyon (Québec)”
(GREGI, 1993-03) are provided by Li (1995).

General Comments

The fact that the heat production rates caculated from two different models - smple conduction
mode and conduction and advection mode - agree with each other so well is not reassuring. Does
this indicate that both methods are robust enough that both heat production rates derived are
acceptable, or is thisjust a coincidence? Given the crude assumptions (some of which, as the author
dated, are known not to be true) used for the models, the authors should delve deeper into this
agpect, ancethisis very important.
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Specific Comments

The Greek letter a is used for_heat capacity (GREGI, 1993-03, bottom line on p. 6) and for the
cosine coefficient in equation (12) and so on (GREGI, 1993-03, p. 11). Thisis confusing; a different
symbol should be used for heat capacity.

The letter q is used to denote heet flux (GREGI, 1993-03, pp7, 8, & 14) while it is dso used to
stand for fluid flux on p. 14, equation (20). In addition, fluid flux has been sgnified by the bold letter
v previoudy (p. 8, equation (10)). | suggest the use of bold letter v to denote fluid flux throughout
the report.

The authors should explain why 'the base temperature is taken as 5°C which is dightly higher
than the average air temperature in the area." (GREGI, 1993-03, p. 13, line 10). The reference
to figure 10 should in fact be figure 11 (GREGI, 1993-03, p. 13, line 11).

Regarding Equation (19), the integral isinaccurate. The accurate answer is obtained by the following
integration:

L

CH() = )ODTE )z

Replacing DT(z,t) with DT, € sin(2pt/t-bz) (p. 13), integrating the above expression while treating t
as a congtant, we obtain

L

DHc(t) = CvDT, (e “Sin(2pt / t - bz)dz
0

e” .
sz[bcos(prt/t - b2)-asin(2pt /'t - b2)];

DHe(t) = CVDT [

Whenz =L, €*isvery sndl and can be neglected, thus

-az

%ﬁ[asin(Zpt /t )-bcos(2pt / t )] (A)

a2

DHc(t) = CvDTo

To obtain the maximum of DH(t) with respect to timet, take itsfirst derivative and let it be zero,
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D H(t) _
qit

0

and solvefor t, we obtain

%t a -b
_ a
t= > tan( b) B)

Equations (A) and (B) derived above will be used later in the specific comments for Appendix D
(GREGI 1993-03, p. D2 ) to make calculations.

Regarding Equation (20), compared with Equation (10), the term Q(X) is missing from this equation.
This suggests that the influence of the heat source is negligible. This point should be stated here and
the reasons for this explained.

"Water infiltration cannot explain upward advective heat transfer. ...In any case, infiltration
cannot exceed precipitation, so water flow cannot be the main contribution to advective heat
transfer.” (GREGI 1993-03, p.17, line 9). The andyss given here contradicts the suggestion in
other parts of the reports that there is probably internd water circulation within the waste rock dump.
If water is vaporized in the hotter regions of the dump and rises to the colder regions of the dump and
then condenses there, sgnificant heat can be trandferred from the hotter to the colder regions by
evaporation/condensation, and by convective heat transfer of the vapour. Also, such interna
circulation of water can increase the downward water flux through a certain plane to well above that
accounted for by the annud infiltration flux of, say, 0.5 m. This point should be considered.

Widls #2 and #6 are excluded from the cadculation of average therma conductivity (GREGI 1993-
03, p.18). Reasons should be provided for this exclusion.

The "negative values of Q' referred to on p. 19 (line 6), isinvishble in Figure 13b (p. 42) since the
lowest scalevaueis 0. Figure 13b should be modified to include negative Q vaues for consistency.

The meaning of "b" in Equation (36) is not explained in the parameter list (p. 20); “b: depth of base"
should be added at the end of the parameter list.

The basisfor the asumption 'if convection cells are supposed having about the same dimensions
vertically as the ones observed horizontally..." (p. 23) should be explained.

The meaning of Figure 12 (p. 41) needs more clarification in the text.
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Regarding Appendix A (GREGI 1993-03), there are many typographica errors in the egquations
presented on page A2, which will make reading very difficult. The correct formulas are given below,
with the corrections underlined.

F(Te,ma,b) = _én [T- (To+mt;+aC +bS§)]° (A4)
1" __d

g7 - 2al-To-mt-aC-bS)(-1)] =0 (A-5)a
i g

— =2alTi-To-my-acC -bs)-t)] =0 (A-5)b
im i=1 a

i J

@ - 2alT-To-m-ac -bs)-C) =0 (AS)c
1t J

o 2%1[(Ti -To-m;-acC -bs)-S)] =0 (A.5)d

In the next sentence, the upper limit in the summation sgn should be n instead of m.  The correct
forms of equations (A.6)a-b should be asfollows.

AT =nT,+ Mt +ad C+ bas (A.6)a
o o .o o o
aTt=nT,+ myt-+agC t;+bg S (A.6)b

An underlined space indicates that something has been deleted from the (incorrect) equations. In the
matrix equations (A.7) and (A.8), the e ement on the upper left corner in the first matrix isn, not m.

In equations (A.10) and (A.11), use DTy to replace A to mantan conasency of symbols. The
discussion below equation (A.11), "Relationship A.11 for the calculation of angle P holds when a
and b are positive... (next paragraph)..., the complementary angle (P+2p) is used instead,"
including the table between the texts, is confusing and unnecessarily complicated.  Redlizing that
tan(P) is a monotonous function of P in the close-ended intervd [-p/2, p/2] and noting that tan(-
p/2)=-¥ and tan(p/2)=¥, the discussion (including the table) can be smplified as follows.
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Rdationship A.11 dways holds. If we limit angle P in the close-ended interva of [-p/2, p/2],
there is only one angle P T [-p/2, p/2] corresponding to each vaue of -ab. The angle P
desired for plotting against time can be obtained by P + np, wheren =0, 1 or 2 and is easly
determined as the vaue that makes each successve depth show the smdledt, postive
increase in the phase shift P from the previous depth.

On p. A4 (second paragraph, line 5), T(T,,m,ab,t) should be replaced by T(T,m,abt); and, T
should bereplaced by T,". Equations (A.12) and (A.13) areincorrect. They should be corrected as
follows

& o 0
n G arl-~
SST =3 CT - izt~ A.12
?}19' N+ (A.12)
& P
e % 02
¢ aTl=
SSR=23 CT - izt + A.13
‘19' N - (A.13)
& &

The tables on pages A5-A6 should indicate that "Atten." isIn(A/Ao) to make reading essier.

Regarding Appendix B (GREGI 1993-03), in equation (B.6) c, the coefficient before DT is 2p/t, not
2pht.

Regarding Appendix C (GREGI, 1993-03), the parameter list following equation (C.1) should be
modified; deletec, r, andt from thelist asthey do not appear in the equation.

Regarding Appendix D (GREGI, 1993-03), the cyclic annua variation in heet stored within the dump
(MJnT) (shown on pages D2-D5) has been recaculated using the equations (A) and (B) derived
earlier in the comments for the main report (GREGI 1993-03, p. 14). The following table compares
the reca culated values with the origina values presented in the report.
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DT, a DH (max) DH(max), %
Wl #
Recalc. | Origind | Recac. | Origind | Recdc. | Origind | Recdc. | Origind
1 131 131 0.336 0.336 123.0 77.1 7.3 4.6
2 125 125 0.168 0.168 117.8 147.2 1.7 9.6
3 14.9 14.9 0.163 0.163 192.3 180.8 53.7 499
4 12.2 12.2 0.221 0.221 1334 109.2 6.5 53
5 134 134 0.239 0.239 139.8 110.9 13.9 11.0
6 155 155 0.363 0.363 163.2 84.5 5.6 29

It can be seen that the origind caculation presented in the report has resulted in large errors for Well
#6 and Well #1.

In Appendix E (GREGI, 1993-03), the six graphs of temperature versus depth (pp. E14-E19) are
missing the following components:

The horizontd axistitle "Date";
The verticd temperature axistitle "Temperature, °C"; and

The legends for the graphs.

7.3 Assessment of Available Datafor AMD Modélling

Predictive modding for assessment of AMD requires a good database for characterizing:
Site conditions (e.g., temperature, precipitation, evaporation, etc.);
Waste rock properties (e.g., physicd, chemical, geochemica, mineralogicd, etc.);

Hegp characterigtics (e.g., congtruction method, configuration, porosity/void volume, moisture
content, rock particle sizes, etc.);

Trangport of oxygen and water (eg., permeability, infiltration rates, temperature gradients,
etc);
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Kinetic factors (eg., chemicd and biologicd raes for sulphide oxidation,
weethering/dissolution rates for mgor buffering minerds); and

Water qudity at various locations (i.e., infiltration water, porewater, seepage).

Recent documents prepared for MEND (SENES, 1994a and 1994b) describe the sampling
requirements for collecting ste-specific data for characterizing waste rock for decison making
regarding monitoring, management, etc. and data required for prediction and AMD modeling. One
of the principa researchers of the Mine Doyon studies (Pierre Gelinas) contributed to both of these
documents, and La Mine Doyon is presented as a case study in the review document (SENES,
1994a).

The various sampling requirements (data categories) for waste rock are summarized in Table 7-1.
We have indicated whether this data is available from the Mine Doyon sudies. It is obvious that the
steiswell-characterized. Additiona review comments are provided below.

One of the researchers (Lefebvre 1996) comments “"the integrated and extensive
characterization of the South Dump could provide ... to the whole AMD research community,
a dataset complete enough to support the development of predictive models ... the care taken
in the development of the characterization database should make it a lasting contribution to
AMD research”.

The layout of the boreholes was sdected to reflect the three former drainage sub-basins under the
heap, and trenches were stuated at severa locations, according to rock type. Therefore the
sampling program did not have a datigica bass, but was appropriste and adequate for
characterizing the heap.

The liging of geochemicd sampling in the overview document "Monitoring and Moddling of Acid
Mine Drainage from Waste Rock Dumps. La Mine Doyon Case Study” (GREGI, 1994-12, p. 5-2)
is extendve and there is definitely not alack of datafor this Ste.

The overview document aso provides estimates of Acid-Base Accounting (ABA), which we believe,
arethe only ABA data and percentage by weight mineralogy (sulphides and carbonates) data actudly
presented in any of the reports (GREGI, 1994-12, Table 1.1). In fact, few of the other reports show
andytica results for chemical characterization of the waste rock, other than XRD (X-ray diffraction)
andyses. Savoie et d, (1991) carried out the chemical analyses of composite samples (15 to 45) of
each of the three mgor rock types and caculaled summary datistics (means and standard
derivations).  This information is presented in Appendix D of the report "Minerdogica
Transformations Associated with AMD Production in a Waste Rock Dump. La Mine Doyon-South
Waste Rock Dump” (GREGI, 1994-06).
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Table7-1

Sampling Categoriesfor Waste Rock

Data Required for

Modeling, Prediction, or

Data Available from
Mine Doyon Studies

Data Category Validation (yes/no) (yes/no)
Sampling Program Yes Yes, but no statistical basis
Elementa Content Yes Yes, but analyses not provided
Minerdogy Yes Yes, well described
Minera Form Yes Y es, excdlent information
Static Tests Yes Yes, some
Dynamic Tests Yes Y es, lysimeters but no columns or
humidity cdls

Hardness and Weathering Yes Y es, examined four methods
Water Monitoring Yes Y es, a numerous locations

Pore Water Yes Y es, two methods: washing and press

extraction

Seepage Yes Yes

Groundwater Site-specific Yes

Surface water Yes Y es, assume available but not provided
Water Qudity-Field Andysis Yes Yes
Water Quality -Lab Analysis Yes Yes
Gas Sampling Yes Y es, oxygen and carbon dioxide
Temperature Profile in Heap Yes Yes
Water Permeability No No

Air Permeability Yes, if convection controls | Yes, but not successful
Oxygen Diffusion Yes, if diffuson controls No, convection controls
Particle Size Yes Yes, a various locations
Porosity Yes Yes

Water Content Yes Yes

Flow Monitoring Yes Yes

Infiltration Monitoring Yes No, proposed

Biologica Monitoring No Y es, specia study
Meteorology Yes Yes

Thermal Andysis No Yes, infrared surveys
Drilling Site-dependent Yes

EM Surveys No No
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No data were provided from laboratory kinetic studies (i.e. no column testwork or humidity cells).
The rate and extent of acid generation was examined by extraction testwork on drilling samples and
by ingdlation of fied lysmeters at two locations. However the lysmeter data presented was for
initid monitoring and was not interpreted with respect to possible extent of AMD production in the
dump.

The authors investigated severd different hardness tests (eg., Los Angdes, Micro-Devd,
Magnesum Sulphate, and Acoudtic Celerometer) and concluded that "the most convenient
measurement of rock toughness, degree of weathering and internal fissuration is given by the
acoustic celerometer test. This method is simple, cost-effective and yields results that compare
favorably with the more involved tests using aggregates such as Los Angeles or MgSOy test"
(GREGI, 1994-12, p.3-9). Although this new method shows promise it requires more work to
establish rlationship(s) between measured compressive and shear wave velocities in the rocks to the
exiging surface area or possible increase in surface area (and therefore reaction rates) as a result of
wesgthering and production of more fine particles. The other tests (Los Angdles, Micro-Devd, and
Magnesum Sulphate) provide a direct quantitative measure of additiona fine particles that could be
used to caculate additional reective surface area as a result of weeathering processes, which is an
important parameter required for prediction/modeling of AMD.

Minerdogical and geochemical processes occurring within the hegp are well described in the report
"Mineraogicd Trandformations Associated with AMD Production in aWaste Rock Dump. LaMine
Doyon-South Waste Rock Dump" (GREGI, 1994-06). The rock samples were described
macroscopicaly and microscopicaly, and paste pH, totd rock chemical analyses and XRD were
used to characterize the materials. However, the total rock chemical analyses of waste rock samples
from the heap do not appear to have been presented (or discussed) in any of the reports. The 1991
report "Evauation du drainage Minier acide et des barriéres séches pour les haldes de stériles. Etude
du ste de Le Mine Doyon" (GREGI, 1991-19, Tables 3.3 and 3.4), present an edtimation of
normdized minerdogy of talings samples (resdues) and trestment dudges (high densty dudge)
based on chemica andyses of these materids (i.e. % SO,, Al,O3, F&,03, Ca0, etc.). It isnot clear
if chemica rock andyses were carried out for waste rock samples, but an estimation of normaized
mineralogy could have been useful for geochemica interpretations and predictive AMD modding.

Water samples were collected from many different locations, usng different methods  seepage a
welr gations, groundwater from wells, water from lysmeters, washing/extraction of drill cuttings, and
pressure extraction/squeezing of moist rock samples. In our opinion, there is adequate water quaity
data for cdibrating an AMD model; however, one of the secondary reviewers (Morin, 19959
disagreesin thisarea

Instrumentation was ingtdled in the boreholes (e.g. piezometers, gas sampling tubes, thermistors) in a
very efficient manner. Temperaure and gas profiles indicate that thermally driven convection is the
key mechanism contralling oxygen flow through the waste rock dump. There is adequate
temperature and gas datafor AMD modeling.
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Measurements of differentid ar pressure were attempted but were unsuccessful; the authors
concluded atmospheric pressure variations were too smdl to verify their proposed technique (air
permesbility too large); therefore they planned to investigate use of automeatic loggers and dedicated
pressure cdlls. Convection is obvioudy the dominant mode of oxygen transport in the heap.

Particle sze test work included examination of particle Sze digtribution of the fine particles (for two

major rock types) at two depths in the hegp (0 and 1 m); however they could have looked a a
deeper leve (eg. 5 m from lysmeter ingdlation), and possibly at older (weathered) versus newer

aress of the hegp. The authors identified that “for all properties depending on the specific surface
area (m“kg), the 10% fine fraction has approximately 50 times more surface area than larger

blocks. Thus water content, degree of saturation, oxidation rates and reactive permeability
are dominated by the relative abundance of the fine fraction" (GREGI, 1994-12, p.2-6). The
particle Sze didribution for fines is important for AMD modding, and is adequatdly characterized at
thisste.

A detalled hydrologica evaluation was carried out to perform a water baance for the hegp. This
work provided severd estimates that are required for predictive modeling of AMD generation in
heaps (GREGI, 1994-12, Table 4.12). The water budget summary is shown on an average annua
bass. This would be sufficient if modeling predictions were aso carried out on an average annud
bas's, however, severd models use monthly (or shorter) time steps and require monthly estimates of
infiltration to account for seasond effects (which can dgnificantly influence rate and character of
AMD). There gppears to be sufficient data collected for the authors to estimate monthly infiltration
flows (e.g. monthly precipitation records, estimates of snowfal, spring run-off, lysmeters, etc.) and a
few average daily flow estimates are provided (GREGI, 1994-12, p.4-34). Observations of changes
in volume and qudity of flows a the wer daions suggests seasond (monthly) estimates are
necessary to better understand the heap.

Mog stes would smply estimate infiltration flow by comparing estimates for inflow (i.e. precipitation
less evaporation) and tota flows collected. Therefore the authors explanation of the effect of water
storage on the difference between precipitation and flow (GREGI 1994-12, p.4-34) is particularly
relevant for performing water balances on hegps. The hegp water content was reported to increase
from 2% (initialy) to 10-12% (volume basis) over a 10 year period due to storage of waters indde
the heap. They believe the hegp has now reached values close to fidd capacity; but aso note that
wesethering processes gradudly create more fine particles that can retain more moisture. This shows
that it is important to measure current moisture content, in relaion to field capacity, in order to
accurately estimate current and future water storage and infiltration flows.

Chemicd and biologicd oxidation of sulphides should be consdered in an AMD modd. Severd
biologica sudies were carried out a Mine Doyon. Micro-organisms were isolated from rock
samples collected during drilling programs by resuspending into liquid media, and from the
groundwater in piezometers extending into the base of the hegp using bacterid trgps. For predictive
AMD moddling, it is usudly sufficient to confirm that sulphide-oxidizing bacteria are present and that
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the dominant bacterium is Thiobacillus ferroxidans, for which kinetic rates for growth and biologica
sulphide oxidation are well-established. The biologica studies confirmed this, however these studies
aso suggested that the biological oxidation of sulphur and sulphides in an anoxic environment may
aso beimportant. In our opinion, ther interpretations regarding anaerobic biologica respiration usng
ferric ions as eectron acceptors are not supported by the physical and chemica evidence provided in
the reports, furthermore, the potentia contribution of this process can be consdered to be
indggnificant in comparison to the chemicd influence of ferric ion on the long-term generation of AMD.

The authors conducted infrared surveys and made numerous recommendations regarding aeria
surveys for infrared thermography (dthough it is unlikely that others would attempt such surveys).
Infrared measurements conducted 10 months gpart demonstrated that temperature distributions at the
surface dtributed to ar convection patterns are stable.  This is not usudly required, but is useful
information for AMD modding. The infrared surveys supported the development of their conceptua
mode of air circulation in the heap.

7.4 Studiesin Support of Predictive Moddling

741 Heat and Mass Balances

An early 1991 report "Evauation du Drainage Minier Acide et des Barriéres Séches pour les Haldes
de Stériles Etude du site de La Mine Doyon" (GREGI, 1991-19) provides an overview of the
history of the gte, and the initiation of field programs carried out to ingtal instrumentation and obtain
samples for characterizing the heap (waste rock and water quality). The early report isnot aMEND
document; however, it does describe some interesting initid predictions of AMD production at the
gte that are not discussed in the 1994 overview MEND document "Monitoring and Modding of
Acid Mine Drainage from Waste Rock Dumps. LaMine Doyon Case Study” (GREGI, 1994-12).

The 1991 report presents results of prdiminary heat modeling using a smple modd that did not
consder water infiltration and oxygen convection. This Smple mode was used to edimate the
amount of pyrite oxidized based on heat generation. The rate of pyrite oxidation was estimated as
7000 tonnes per year, which trandates to a theoretica time of 102 years for total oxidation of pyrite.

The above estimate was compared to another independent estimate obtained by performing mass
bal ances on sulphate and iron concentrations measured in leachate; which gave times of 85 years (for
sulphate) and 92 years (for iron). Both sets of estimates were based on average pyrite content of
3.5%.

The use of two independent methods of estimating the rate and extent of sulphide oxidation and acid
generation provided more confidence in their average estimate of gpproximately 100 years. The
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mass baance method is smple and could be easily applied at other Sites with adequate seepage data
and a good estimate of average pyrite content of the hegp. The heat baance gpproach used asmple
mode but the calculation procedure outlined in the 1991 report (GREGI, 1991-19, Annexe D) is not
asample, and istherefore not likely to be used a many other Stes.

The authors caution that these time estimates for the complete oxidation of pyrite are only theoretica,
and the only use of the caculated AMD production rate is to indicate the magnitude of the problem
(GREGI, 1991-19, p. xiii).

The calculations provided in the 1991 report demongtrate the possible extent of AMD generation at
this Ste. Subsequent therma modeing included conduction and advection (GREGI, 1993 93-03),
and later physical modding (TOUGH AMD) dso conddered convective heat transport (GREGI,
1994-12). Neither of these more refined modeling studies were used to provide estimates of the
possible extent of AMD beyond the current time period, or beyond the smulation time period
(15 years). The principa researcher (Lefebvre, 1996) explains that subsequent modeling was "used
mainly to interpret the present conditions of the South Dump and to evaluate potential control
methods. Further characterization, mainly of the changes in physical properties with time,
and further model refinements would be required to make (the TOUGH AMD model) a more
reliable predictive tool".

The 1991 report provides an overview of the mechanisms of acid mine drainage and a comparison of
the various features of the exising AMD models at that time (GREGI, 1991-19, Annexe C, Lefebvre
1991, Table 2, p.14). Severd of these AMD modds were not commercialy available and therefore
could not be used as the garting point for development of an AMD modd for waste rock. The
author ligs the following desirable features for an AMD mode for Mine Doyon:

"1)  Employsa shrinking reaction core model;

2) Reaction rate controlled by oxygen transport only, to simplify the kinetic
considerations;

3) Considers grain size distribution of the wastes;

4) Provides simple chemical speciation, requiring few inputs. Modeling of reactions using
specialized programs such as PHREEQE could be used to complete the results of a
physical model;

5) Utilizes diffusion and convection as mechanisms of oxygen transport;
6) Smulates the generation and transfer of heat;

7) Considersinfiltration; and
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8) Considers geometry of the heap" (English trandation of GREGI, 1991-19, Annexe C,
Lefebvre, 1991, p.17).

The author sdected an exising multi-phase, multi-component numericd mode (TOUGH?2) to
samulate the mgority of the above processes, and decided that a new module should be added to
consder the sulphide oxidation reaction. The development and application of this mode (TOUGH
AMD) is described in the 1994 overview document (GREGI, 1994-12). The final modd was not
used to consder variable grain szes, and did not include smple chemical speciation.  Subsequent
dudies have not presented any modeling of geochemicd reections usng programs such as
PHREEQE (or MINTEQ) to complement the physical modding of the hegp. Although, we have
recently been informed that such work is presently underway (L efebvre, 1996).

One of the secondary reviewers (Morin, 19953) has identified a possible inconsistency regarding the
sulphate mass baance used to estimate the time to sulphide “burn out” (GREGI, 1991-19) and the
sulphate mass balance used to estimate the retention of sulphate within the dump (reportedly, 60% of
annua production). Peer review comments on the retention of sulphate are provided in Chapter 5.0,
Article 5.6.3.

It is our opinion that their estimate for sulphate retention as 60% of annud production is likely an
overestimate. The agreement between the two independent estimates for time for tota oxidation of
sulphides obtained from (i) heat baance and (ii) mass baances suggests that no more than 10% of
the sulphate produced was being retained indgde the heap, at that time (1991). The retention of
sulphate would mogt likely have increased continuoudy since that time.  The principle form of the
stored sulphate is assumed to be the minerd jarosite. 1t is unlikely that this minera would be present
in such sgnificant quantities to represent 60% of the annua sulphate production.

One of the principd authors of the report (Lefebvre, 1996) explainsthat "the form of accumulated
sulphate within the dump is not only in a mineral form but also in a very large part as a very
high concentration leachate". He does not bdieve tha their evauaion of retained sulphate is
overestimated as the evaduation rests on more than one method and matches the leachable sulphate
determined from drilling cuttings.

In a more recent document (GREGI, 1993-05), the authors dtate that the "present rate of pyrite
oxidation is 16,443 t/y, merely 1% of the total estimated initial mass of pyrite (1,471,394 t)"
(GREGI, 1993-05, p. 6). Therefore, if sulphide oxidation were to continue at the current rate, the
pyrite would be completely oxidized within the next 100 years. Subsequent modding using the
TOUGH AMD model provided estimates of the sulphide oxidation rate, (expressed askg O, /nT d),
a various locations within the hegp, as well as edtimates of the unreacted pyrite mass fraction
(GREGI, 1994-12); however, this information does not appear to have been used to obtain a revised
estimate of the possible duration of the AMD release at thisSite.
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7.4.2 Mineralogical Model (Conceptual)

A conceptud modd of the minerdogicd transformations of aluminosilicates under acidic conditions, is
illugtrated in the report "Mineralogica Transformations Associated with AMD Production in a Waste
Rock Dump. La Mine Doyon - South Waste Rock Dump" (GREGI, 1994-06, Figure 11, p.30).
Developing a good understanding of possble minerdogica transformations and associated
geochemicd reactions s particularly important for predictive modeling of AMD in waste rock.

The mineralogy report (GREGI, 1994-06, Section 3.2) aso describes their estimation of the
minerdogical mass transfer in a borehole based on differences of species’dement content between
consecutive samples of porewater (expressed on adry basis). Thiswas an interesting approach, and
in this case it was successful; however, we do not fed this gpproach could be as easily (and
successfully) applied to other Sites as it depends on a priori knowledge of the specific mineras and
their chemical composition and confirmed absence/presence dong the borehole profile, as well as
accurate extraction and analyses of the porewater concentrations.

The authors did not discuss the possihility of extending their examination of mass trander in a
borehole into smplified mineralogical and geochemica modeling of the entire hegp, or &t least part of
the hegp. However they did date that a lack of water quality data prevented them from performing
geochemica modeling of interactions between minerd phases and porewater; dthough, they did not
specify what type of modding they had intended to carry out. ). We do not consider that there is a
lack of water quality datafor this Ste. However, one of the secondary reviewers comments disagree
inthisarea (Morin, 19953).

7.4.3 Method for Prediction of Water Quality (Empirical)

The reports "Two Rapid Methods to Evauate Acid Mine Drainage Composition: Tota Dissolved
Solids and Energy Dispersve X-ray Huorescence Spectroscopy” (GREGI, 1993-04) and
"Monitoring of Acid Mine Drainage: Chemicd Data from La Mine Doyon, South Waste Rock
Dump" (GREGI, 1993-05) describe the development and application of a method for estimating the
levels of certain agqueous parameters in hegp leachates and seepages. The correlation equations were
developed through datigtical analyss of the water qudity database. This empiricd gpproach is
reasonable and could be useful for other Sites; but may not be appropriate for other sites with less
well-established AMD and a smaller water quality database. This has been discussed in Chepter
5.0, Article 5.6.4.

The authors developed a correlation matrix for 13 water qudity parameters; dthough they do not
specify how this corrdation matrix was generated (presumably, Pearson correlation coefficient)
(GREGI, 1993-04, Table 1). Other mine operators could easly perform a Smilar assessment with
their dte data, but may need some additiona guidance.
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Corrdation equations were developed to predict the levels of acidity, duminum, iron (totd),
magnesum and sulphate based on measurement of the tota dissolved solids (TDS) and/or
conductivity (GREGI, 1993-04, Table 2). The relationships for calculating the chemica composition
of water samples were applied to:

Groundwater samples from monitoring wells;

Seepage samples from collection ditches,

Leachate samples from lysmeters, and

Porewater samples from leaching (extraction) of waste rock drilling samples.

A review of the calculated vaues presented in various reports shows the use of equations to caculate
some parameters was acceptable for water samples collected from the monitoring wells and the
collection ditches, but was not very successful for estimating the acidity or iron levels in seepages
from the lysmeters. Thiswas not noted in the monitoring report (GREGI, 1993-05).

The authors dtate that "these correlation’s are significant to explain the processes of acid
generation in the dump. Results indicate that |eachate samples from the base of the dump and
the ditches can be viewed as a single solution, showing more or lessdilution. It isthus possible
to establish relationships for the calculation of the concentration of major contributors like
Fe, SO, Al, Mg and acidity based on simple parameter measurements such as TDS or
conductivity" (GREGI, 1993-05, p.3). This qudifying Satement is very important for gpplication of
this empirica method a other Sites. A test of the similarity of borehole/well data and seepage data,
and possibly other water quality data, appears to be necessary to apply this gpproach at other Stes,
(i.e. does dilution explain the differences in concentration levels?). Such an analysis would be useful in
preparation for AMD predictive modding.

The corrdation’s devel oped from 1991 data (spring, summer) were gpplied to monitoring conducted
during 1992 (spring, summer, fal), and appear to have been acceptable. It would be interesting to
determine whether the same corrdation’s could still be gpplied during 1993 and 1994. Since fewer
andytes would actudly be measured in subsequent years, there would not be alot of additiond data
available for updating the corrdation’s.

Their empirical method was developed as a means to reduce chemica anayses requirements
(i.e. cogts) and was successful in this regard. However, the corrdation’s developed rely on
measurement of TDS and/or conductivity and therefore cannot be extended to predict future water

qudity.

A review of the correaion matrix presented in Table 1 (GREGI, 1993-04, p. 3) shows there was
aso a good corrdation between sulphate and the other aqueous parameters.  This suggests that
smilar equations could have been developed to predict the levels of other parameters based on the
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sulphate concentration. These types of equations would possibly be more useful for supporting
predictive AMD modding, which typicdly involves cdculation of the rdease of sulphae from
oxidation of sulphide.

7.5 TOUGH AMD Model

751 Review Comments

The monitoring and modding report (GREGI, 1994-12, Chapter 7: "Numericd Modd of AMD
Production in Waste Rocks") presents the development of the TOUGH AMD modd. The authors
acknowledge that: numerous physical and geochemicd processes are involved in AMD production;
most of these processes are coupled; and that numericadl modeling dlows the smultaneous
quantitative representation of most of these coupled processes. However, the focus of their work
was to gain a better understanding of the physica processes involved in AMD. (Geochemica
processes were not represented in the AMD model that was developed.)

Their overal approach was to study physica processes of heat/temperature and oxygen transport
and consumption as related to pyrite oxidation. This work represents a considerable undertaking; it
was wdl-planned and presented; and provided a solid understanding of the current condition within
the South Dump. We do not consider, however, that such an gpproach may be appropriate for
prediction of AMD for other Sitesfor the following reasons.

An intensve field program is required for temperature and oxygen data (they recommend at
least one year of monitoring). Although an extensive dataset is desirable to support predictive
modedling, the collection of temperature and oxygen profiles requires a drilling program which
may not be technicdly feasible at some Sites;

No information about geochemica processes occurring within the heap was used in the
modeling; therefore, no interpretations or conclusions can be made regarding water quaity and
stored oxidation products. Their gpproach was to sudy the basic physicad behavior of the
sysem first. We believe that the geochemica behavior should be examined concurrently with
the physical process,

There are severd inherent problems with the underlying assumptions of their conceptua
gpproach, which are outlined below.

The authors identify the need to consider gas, liquid and solid phases, however they have chosen to
underestimate the importance of the solid phase. "I we suppose that properties of the solids may
be treated globally, it is not necessary to include specifically a solid phase and its components
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in the system" (GREGI, 1994-12, p.7.2). While this is understandable since their focus is on heat
and gas transfer, such an gpproach would not be acceptable for geochemica applications.

The authors selected an existing hydrologica modd (TOUGH?2) as it appeared to be the most
suitable for representing AMD because it dready represented the "physical processes’ involved in
AMD. They reference a literature review by Mangold and Tsang (1991) which consdered
subsurface hydrologicd and hydrochemicad modeds. Incidentally, an earlier review of avallable AMD
models was performed by Lefebvre (1991), and is presented in Rapport GREGI, 91-19 (Annexe
C).

The TOUGH AMD moded employs the shrinking reaction core model. The inherent assumptions are:
Uniform szed sphericd particles,
Pyriteis essentidly "free" and completely oxidizable;
Particle remains the same Sze, only the pyrite core is consumed;

In our opinion, the reaction core modd described in Section 7.2 and illustrated in Figure 7.1
(GREGI, 1994-12) is actudly more suited for smulating fine particles, such astailings.

The sudies conducted a Mine Doyon included field observations of particle sze digtribution,
mineraogica examination of particle geometry for the main rock types, and estimation of the reactive
surface area for pyrite using severd different methods. Therefore, there was a lot of information
avallable for describing the particle geometry and the reective surface area; however, none of these
studies were discussed in their description of the TOUGH AMD model.  For example, Section 3.7
(GREGI, 1994-12) states that a "geometric description is needed for shrinking-core reaction
models and it was shown that different rock types break in blocks of different shapes that can
be analyzed as cubes, platelets or disc® (GREGI, 1994-12, p.3.9). The researchers do not
explain why they chose to use a sphere for their shrinking reaction core modd. Moreover, particle
gze hardly remains congtant in an acidic environment.

In an earlier report (GREGI, 1991-19), the author notes "pyrite oxidation in schists is a shorter
term phenomenon than in other units where alteration is controlled by oxygen diffusion
(shrinking core models) through large sound blocks® (GREGI, 1991-19, p.x). Thisis interesting
as the later model TOUGH AMD, (GREGI, 1994-12) was based on the shrinking core modd and
did not distinguish between the more reactive sericite schists and the other rock types.

The authors did not distinguish between chemica and biologica oxidation of sulphides, and they did
not consider the effect of pH. Oxygen is congdered the only oxidant for sulphide, avoiding need for
chemica speciation of leachate, (e.g. ferricion). "The volumetric oxidation rate is also supposed
independent of the geochemical conditions within the leachate, such as pH, Eh and ion
concentration. This same supposition was made by Cathles and Schlitt (1980), as well as

120



Pantellis and Ritchie (1991) to avoid having to perform speciation calculations as for the
model developed by Jaynes (1983)" (GREGI, 1994-12, p.7.5). The effect of pH on sulphide
oxidation rate is dggnificant; their neglect of the pH effect could only be judtified under the specific
conditions encountered at Mine Doyon, where the pH of the leachate quickly acidified and has
remained below 3. Invedtigators attempting to model a hegp at other sites should be warned against
neglecting the effects of changes in pH and geochemica conditions as heaps (gradudly) become acid

generating.

One of the principa researchers (Lefebvre, 1996) agrees with this point, and comments that "the
numerical model is not universally applicable, but in convection - dominated sites ..., it is the
physical processes that determine the global oxidation rate ... . In such cases, which arelikely
numerous considering the normal physical properties of waste rocks, ... an approach such as
ours (researchers), with appropriate improvements, could greatly raise the industry’ s ability to
predict AMD production and manage present and future waste rock dumps”.

The TOUGH AMD mode congders air and oxygen, but the (chemicdl) effect of carbon dioxide is
not consdered. Thisis particularly important with respect to biotic oxidation of sulphides.

The temperature dependence of the oxidation rate was incorporated usng a temperature factor,
ingead of using well-established rdationships, eg. Arrhenius rdationship. This is curious consdering
the TOUGH mode actualy has an option for employing the Arrhenius relationship (GREGI, 19%4-
12, p.7.15).

Their reaction core model provides areationship that is used to express the volumetric oxidation rate
as shown in Equation 7.1 (GREGI, 1994-12, p.7.6). There are severa questions that can be raised
regarding this approach.

The globa volumetric kinetic congtant Ko« depends on the first order kinetic constant kg, and
afew physca or geometric terms, e.g. surface area of pyrite per unit volume (d°°kpy), radius of
rock particle (R), thickness of the layer in which pyrite oxidation takes place; we assume this
means layer "b" in Figure 7.1. Incidentdly, the numerica value of "R" (radius of rock particle)
is not stated anywhere in the report.

"The first order kinetic constant k., (m/s) represents the rate of oxygen consumption
during the surface oxidation reaction of pyrite, and has a relatively constant and well-
determined value (Otwinowski 1993)" (GREGI, 1994-12, p.7.6). The vaue of ko is
relatively congtant, at a given pH and temperature. Therefore Ky (globa volumetric kinetic
congtant) is essentidly constant and determined by physicd or geometric terms, one of which
(d°*5,) is not well-characterized. Chemical and visua methods employed for characterizing the
reactive surface area of pyrite did not provide consstent estimates (see discusson in Chapter
5, Article 5.3.2).
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Equation 7.1 (GREGI, 1994-12, p.7.6) contains three factors, X (temperature), f(X) and
Xwo, dl of which are assgned vaues between 0 and 1. We have previoudy commented on
their use of atemperature factor.

The factor X, is defined as the oxygen partid densty in the liquid phase kinetic factor. This
definition is somewhat ambiguous and therefore meaningless.

Figure 7.3 (GREGI, 1994-12, p.7.8) also suggests that X1 = 1 for temperatures less than 65
oC which means thereis no reduction in rates for colder temperatures. Figure 7.3 suggests the
oxygen mass fraction in air reaches 0.02(?), this maximum should be 0.20. Alsoit isnot clear
how the gpparent nonlinearity of the profilesfor Xy and Xy, was handled in their mode!.

The most important factor gppears to be f(X), which is described in Equation 7.3 (GREGI, 1994-12,
p.7.7). While the generd form of this equation appears to be correct, there are no intermediate
equations provided to show how Equation 7.3 was developed. A few additional questions can be
raised:

Figure 7.2 (GREGI, 1994-12, p.7.7) shows profiles of f(X) versus (1-X); we assume the lines
of congtant (td/tc) should redly be (t o/t ).

Theterms t4 and t. depend on the initid particle Sze; however, the initid particle Sze is not
specified in the report.

The terms ty and t. are not additive. These two processes occur Smultaneoudy. The idea of
adding these terms originates from Cathles, who has since revised this approach. The additive
combination can only be done if oneterm, i.e. ether t4 or t ., dominates, Figure 7.3 shows that thisis
clearly not the case.

Table 7.1 (GREGI, 1994-12, p.7.13) presents the phases and components of the system. The air
component should be split into oxygen and other gases. The heat component is missng. The solid
phase should dso be included to account for the conduction of heat term shown in Equation 7.16
(GREGI, 1994-12, p.7.11).

Equation 7.15 (GREGI, 1994-12, p.7.11) contains a term for the diffusve flux of component K in
the gas phase, fic 9. Thisterm is based on alocal concentration gradient at the boundary surface; this
cannot be accurately estimated from volume averaged mass ba ances such as shown in Equation 7.12
(GREGI, 1994-12, p. 7.10).

"The advective mass flux of phase (liquid or gas) is determined by the general form of
Darcy's law for multiphase flow multiplied by the phase density:" (GREGI, 1994-12, p.7-11
and Equation 7.17),
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K
F, = K m’b r, (P, - 1,9)

b

There are severa problems with the above equation:
The equation is conceptudly and dimensiondly incorrect;

F, isnotaflux term, i.e. units are not kg/(m?-s);
Theterm r , g isnot apressureterm (kg/(m2-s2));
The DP temismissng, unless P, = NP ;
Theterm P, isnot defined;

There appears to be amissing distance term (Dz ).

"The diffusive mass flux is proportional to the gradient in partial density of the component in
the gas phase r (kg/m3)" (p.7.12, GREGI, 1994-12). The gradient should be expressed as
follows, and not as shown in Equation 7.18 (GREGI, 1994-12, p.7.12).
ryw?®
1 x

Also, the units of Equation 7.18 for f,°, do not correspond to aflux term (i.e. are not in kg/(mz.s).

It is not stated how the conversion factor R, (-12.58 MJkg O,) shown in Equation 7.19b was
obtained (GREGI, 19941-2, p.7.12). We assume this was cadculated from the enthalpy of the
resction.

In generd, there is arecurring problem with terminology as shown by the following examples.

"Thermodynamic equilibrium conditions are assumed locally" (p.7-3 and again on p.7-13,
GREGI 1994-12). Thermodynamic equilibrium would preclude any net reaction; we assume
that they redlly mean steady-state or near steady-state conditions.

“In waste rock dumps, pyrite is contained in rock blocks and surrounded by other
minerals ... pyrite oxidation proceeds from the surface of waste rock blocks ... a
zonation appears within the waste rock blocks ... the rate of oxygen diffusion in the
blocks..." (p.7-4, GREGI 1994-12). We assume they really mean waste rock particle, as the
use of the term block generaly has a much larger connotation such as zone or possibly heap.
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Their use of the terms "primary variable", "second primary variables’, "secondary
parameters depending on the primary variables' is confusng. It would be better to use
terms such as independent variables, dependent variables, and caculated parameters.

In generd, it is difficult to distinguish between the dependent, independent or predicted varigbles.
The dependent variables appear to include: temperature, oxygen mass fraction, ar flow rate and
oxidation rate. Other predicted variables appear to be determined by coupling to these dependent
variables.

Table 7.2 (GREGI 1994-12, p.7.17) ligs the physical properties (or inputs) used in the smulation of
the base case.  Some of these parameters are unconventiona and have not been defined, as shown
by the following examples.

The volumetric oxidation constant Ko, = 0.75 x 10°%(s™) was previoudy defined in Equation
7.1 as the globd volumetric kinetic congtant. It would have been interesting to know what
values were used for ky, d°*p, g, d to calculate Ky in Equation 7.2 (GREGI 1994-12,
p.7.6).

The retio of diffusve/chemica totd times, ty/t. = 2.5, is assumed to redly refer to ty/t.. Itis
not clear why was a value of 2.5 chosen for the base case when this ratio was previoudy
presented as ranging from O to 3 on Figure 7.2 and Figure 7.4 (GREGI 1994-12, p.7.8 and
7.9).

The standard  diffusion coefficient D, = 2.13 x 10°n¥/sis assumed to be for oxygen in air.

The temperaure diffuson coefficient g = 1.80 has no meaning without dimensions. This can't
be the temperature kinetic factor X (also not well defined) asit has a value between 0 and 1.

The van Genuchten factors"'m" (0.23) and " a" (0.504 Pa*) have not been defined.

The base case smulation is for 15 years and includes the 9 years the dump has been in place. It
would have been helpful if the authors had presented field data to demondtrate the cdibration of the
mode and the accuracy of the predictions.

We do not agree with the statement that it would be unrealistic to model the behavior of the
dump for a longer period given the uncertainty in our ther) knowledge of the site and in
particular the absence of data on the evolution of physical properties in time which could
affect significantly the behavior of the dump” (GREGI 1994-12, p.7-16). One of the main
purposes of modding isto predict what could happen in the future. If the modd can be shown to (i)
accuratdly smulate current (observed) conditions and (i) display correct (expected or
understandable) responses to changes in parameter vaues, then we should have some confidence in
future predictions.
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The figures presented in this report did not show the agreement with field measurements; dthough we
can see that the model did recregste some of the described trends and could be used to examine the
effects of changes in parameters, with some success. There is perhaps a need for a separate report
e.g. summarized/abstracted from the Ph.D. thesis (Lefebvre, 1994), to describe their modeling work
including: theoretical basis for model showing step-by-step development of equations; description of
methods used to edimate important parameters, cdibration to fidd data; Smulation of various
scenarios to examine effect of changes in (physicd) parameters, and, discusson of potentia
gpplication to other Stes.

Findly, one of the secondary reviewers offered the following additional comment. " The movement
of air, water, and solids throughout the dump are likely controlled by the stratigraphy of rock
types in the dump, including the continuity and slope of the layers and in-situ grain sizes.
Interestingly, stratigraphy is not discussed in any reasonable detail in this report only tidbits
are found, such as "Well #5 has fine grained overburden material within the waste rock"
(GREGI, 1994-12, p. 6.11). Therefore, a fundamental control on observed distributions of
water, gases, and solidsis missing. This raises a question on the value of modeling in Section
7 which attempts to "identify the parameters having the greatest impact on the behavior of
the system" (GREGI, 1994-12, p. 7.16)" (Morin, 1995b).

7.5.2 CommentsRegarding Application of The TOUGH AMD M odéel

The results of smulations performed with the TOUGH AMD modd are presented in Section 7.5 of
the report "Monitoring and Modding of Acid Mine Drainage from Waste Rock Dumps. La Mine
Doyon Case Study" (GREGI, 1994-12). The illustrations of the predicted conditions (e.g. oxygen
concentration, temperature, ar velocity, etc.) at specific locations within the hegp are quite effective
for supporting their interpretation of the physical processes taking place.

Only sdected examples of gpplication of the modd are presented in the overview document
(GREGI, 1994-12). Additional work was obvioudy carried out but this is not specifically described.
The reader isreferred to Lefebvre (1994) for amore detailed account of the modeling work.

From Section 7.5.3 and Figure 7.7 (GREGI, 1994-12, p.7.21), we can conclude that the process of
water vapor transfer by advection is responsible for redigtribution of water within the dump, and
results in a more uniform water content within the hegp; aso, evaporation results in precipitation of
sdts within the hegp. The authors note that water vapor condenses in cooler areas near the surface
which contributes to more infiltration. They report water saturation variations within the dump from
37.5% to 41.5%. Thisamdl variation indicates afairly uniform moist environment.

From Section 7.5.4 and Figure 7.8 (GREGI, 1994-12, p.7.23), we can see that their model has
predicted about 30% of the pyrite has been consumed, but very little pyrite has been oxidized at the
core of the heap (GREGI, 1994-12, Figure 7.6¢, p. 7.19). The authors state that ‘a dump with
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smaller lateral extent would have much less pyrite remaining” (GREGI, 1994-12, p.7-22).
Information regarding the impact of dump Size on globd pyrite oxidation is provided in Lefebvre
(1994).

The sulphate concentrations shown in Figure 7.8c (GREGI, 1994-12, p.7.23) are very high (>200
g/L) because their model does not include precipitation of sulphate (e.g. as gypsum and jarosite).
Porewater concentrations as high as 150 g/l sulphate have been reported esewhere in the
document, and they could have shown an additiond curve for average sulphate concentrations
measured during thistime period for comparison to the predicted valuesin Figure 7.8c.

Section 7.5.5 and Figure 7.9 (GREGI, 1994-12, p.7.25) show the effect of changes in permesability
on the modd prediction; athough the authors do not actudly ingtruct the reader to make a visud
comparison of Figure 7.9 (permeable/anisotropic case) and Figure 7.6 (base case). The authors
date this illustrates the need for careful characterization of waste rock dumps to predict their
behavior, and they recommend development of field methods to determine anisotropic permeshility.
They conclude that permeahiility is the key parameter determining convection. The results presented
support this.

Section 7.5.6 and Figures 7.10 to 7.12 (GREGI, 1994-12, pp. 7.27 to 7.29) presents a modeling
study of the effect of a border membrane (i.e. a cover to prevent laterd ar entry into the sides of the
dump). Figures 7.10a and 7.11a depict formation of an eddy flow pattern ingde the heap when a
membrane is present.  This is likey an artifact of the boundary definitions and/or the numerica

methods used in the modd. A few other modding groups had initidly reported smilar predictions of
eddy patterns but diminated them after correcting their model(s). Eddy formation on a large scae
was not observed in the fidd studies a Mine Doyon, and has not been observed at other Stes.

Figure 7.12 shows their amulation of the ingtdlation of the border membrane, compared to the base
cae. The oxygen consumption rate and the oxygen mass fraction are predicted to drop quickly;

temperature is predicted to gradually decrease, but the sulphate is predicted to decline very dowly
due to lower infiltration (i.e. dilution) and due to dow release of sored AMD. We can conclude that
ther AMD modd is correctly predicting the (expected) effects, and would be useful for examining
other (Smilar) decommissioning options for the hegp.

The authors discuss the possible need for interna neutrdization (i.e. addition of akaine) (GREGI,
1994-12, p.7.26); however, their model cannot be used to evauate the need for neutraization of
stored AMD. Geochemical capabilities would need to be added to the modd to consider storage
and rdease of AMD, as wel as dissolution of buffering minerds. Under the low flow conditions
resulting from a cover on the hegp, the dissolution of buffering minerds can sgnificantly change the
character of the seepage. These buffering minerds typicaly provide avalable buffering too dowly
under normd (higher) infiltration conditions.

Section 7.5.7 (GREGI, 1994-12) briefly comments on the limitations of the TOUGH AMD modd
and future research. The authors explain that "differences between the model predictions and field

126



Report List

observations point out limitations in the numerical model and in (their) general knowledge of
some of the key processes related to AMD production” (GREGI, 1994-12, p.7.30). We would
have preferred to see some comparison of mode predictions and field observations.

The authors conclude that their generd knowledge about the key processes related to AMD s
limited. We do not congider that their knowledge is limited; some of the knowledge gained in other
dudies a the dte was just not gpplied in development of ther mode (e.g. minerdogicd studies,
reactive surface area, weathering characteristics, water chemistry database, €tc.).

7.6 New Under standing

The previous sections present our detailed comments from our review of the studies performed at
Mine Doyon. The following points summarize our comments regarding the key arees of "new
understanding” derived from these studies.

The studies a& Mine Doyon are an excdlent example of how to carry out waste rock
sampling and examination for collection of information required for AMD prediction and
modding;

The therma modds developed for this Ste can provide a definition of the transport
parameters that can be used in subsequent AMD modeling; athough these parameters should
be verified by other methods before use;

Hardness tests (e.g. Los Angeles, Micro-Devd, and magnesium sulphate) were shown to
provide a direct quantitative measure of the additiond fine particles that could be produced
as a result of weathering processes; this information could be used to caculate additiona
reaective surface area as a result of weethering, which is an important parameter required for
prediction/modeing of AMD;

The dorage of water indde the hegp was shown to be important, and influenced by
wesethering processes which gradudly create more fines that can retain more moisture. Their
work showsit isimportant to measure current moisture content in relation to field capacity, in
order to accuratdly estimate current and future water storage and infiltration flows,

The process of water vapor transfer by advection is responsble for redistribution of water
within the dump, and results in a more uniform water content. Also, evaporation results in
precipitation of sats within the heap; and condensation of water vapor in cooler areas near
surface contributes to more infiltration;

Two independent estimates for the possible duration of AMD at this Ste were prepared
based on (i) heat baance and (ii) sulphate and iron mass badances. The use of two
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independent methods provided more confidence in their average estimate of gpproximately
100 years dthough the mass balance approach did not alow for consderation of stored
acidity within the dump. The mass baance method is smple and could be applied at other
gtes; however, the caculation procedure for the heat baance is not smple and requires an
extensve temperature monitoring program to estimate heat parameters,

"The 100 year estimate is based on continued AMD production at the present rate and is (an
estimate) used only to put into perspective the vast potential quantity of AMD
remaining to be produced at the site. The actual time which will be required to
produce all this potential AMD will be much longer since the production rate is
expected to decrease with time (the thermal data indicate this is presently occurring)"
(Lefebvre, 1996).

Minerdogicad studies produced a conceptud modd of the mineralogica transformations of
auminoglicates under acidic conditions. Developing a good understanding of possible
minerdogicd trandformations and associated geochemica reactions is particularly important
for predictive modding of AMD in waste rock;

The researchers used an empirica approach to develop corrdation equations for predicting
the leves of acidity, auminum, iron (total), magnesium, and sulphate based on measurements
of totd dissolved solids (TDS) and/or conductivity. This empiricd method alowed them to
reduce chemical anayses requirements and costs, however the correlaion’s developed rely
on measurement of TDS and/or conductivity and therefore cannot be extended to predict
future water quality;

Physica modeling usng the TOUGH AMD modd developed for this site showed the modd
recrested some of the described trends for air circulaion in the hegp, and could be used to
examine the effects of changesin parameters, with some success.

7.7 Future Studies and Associated Costs

7.7.1 Fiedd and Laboratory Studies

The following fidd and lab studies were proposed by the researchers in the overview document
"Monitoring and Modding of Acid Mine Drainage from Waste Rock Dumps. La Mine Doyon Case
Study" (GREGI, 1994-12, Section 7.5.7):

Further study of water infiltration in a coarse heterogeneous porous media;
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Further study of mass transport in the unsaturated zone,

Further study of leachate geochemica behavior, i.e. interaction with rocks and minerd
precipitation;

More Ste characterization with integrated monitoring and modeling programs,

Developing methods to better characterize permesgbility (eg. water infiltration and gas
convection); and

Characterize changes in physical properties of waste rocks with time, especidly effect of
minera precipitation on permegbility.

From our review of dl of the documents describing studies conducted &t this Site, we can conclude
that there is currently enough data to attempt al of the above, and then to reassess if more fied/lab
studies are redly required. Therefore, the associated codts for these future studies would represent
labor costs for additiona assessment of the existing data.

With respect to infiltration estimates, the authors note that "important issues such as seepage
velocity, or the average residence time in the dump cannot be analyzed with the present data"
(GREGI, 1994-12, p. 4-35). They recommend controlled infiltration tests usng smulated rainfal
and field tracer tests and specid sampling techniques for the unsaturated zone (neutron probes,
suction lysmeters). Congdering that the lysmeters are dready in place, the proposed field program
would likely provide some interesting information; however, a range of seepage velocities could be
edimated from monthly infiltration flows, and the average residence time could be characterized using
a distribution based on the range of estimates prepared for characterizing water storage in the heap.
The authors aso dtate that evaporation should be evauated using energy baance and mass transfer
technique (turbulent transfer of water vapor by eddy motion); in our opinion, the heat (temperature)
and gas dudies conducted on the dump should have provided enough data for (preliminary)
evauations of evaporation. Therefore these additiona studies would represent a most two to three
weeks of technicd time,

7.7.2  Technical Assessments of Existing Data

In our opinion, the amount and qudity of the data and information avalable from the Studies
conducted a Mine Doyon is extensve and impressive. It should be noted that our technica critique
did not consider that there may have been time and possibly budgetary condraints that could have
ggnificantly influenced the scope and direction of the research programs, and possibly restricted the
researchers ability to complete their tasks of assessment and integration of this vast amount of
information, before submisson of the documents. This aspect probably explans most of the
preceding comments from our detailed technicd critique of these sudies  Therefore, our
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recommendations for further sudies are primarily for additiond technical assessment of the exigting
database. We congder it appropriate to provide the origind researchers with the opportunity to
complete their assessment of the Ste.  There has been the benefit of time (i.e. retrogpect) for
reconsdering the data and information collected from the studies, and there is now a detailed peer
review (critique) of the studies a Mine Doyon that provides additiona insgght (and some hindsight).

We have identified severa areas where additional technica assessment could be carried out to
support AMD modding: leaching or extraction tests, lysmeters, and buffering by auminosilicates.

L eaching/Extraction Tests

The leaching test work conducted with drilling samples appears to be fast and easy to goply to a
large number of samples (i.e. it was carried out on 150 samples), and would be useful to characterize
porewater/rock samples a other Stes; however some additional interpretation is required to support
use of this information in AMD predictio/modding. The water qudity data obtained from
resuspengon of the precipitates formed on the rock samples from air drilling is not exactly porewater
qudity data, as some of the species may have actualy been present as secondary minera precipitates
before drilling/sampling. Furthermore, the water qudity data from extraction of borehole cuttings
does not indicate which minerdgprecipitates ae present or the possble quantity of
minerals/precipitates. The borehole samples (rocks) would need to be chemicaly anayzed and/or
the mineralogy should be described using petrographic or XRD andyses to obtain this information.
Therefore an additiona assessment should be performed to:

() Compare extracted (resuspended) porewater quality to "red" porewater quaity obtained using
a pressure press (i.e. corresponding values from Tables 5.6 to 5.9 with Table 5.10, (GREGI
1994-12); and

(1) Compare the corresponding rock anadyses of the borehole samples and extractant water
quality at various locations/depths in the hegp (this could include use of chemica speciaion
models such as MINTEQ or PHREEQE).

The data dready exigts, therefore this additiona assessment would represent minimal additiona effort
and cost, perhaps two to three weeks of technica time.

Lysmeter Study

The reports provide some initid data from the fidd lysmeters (i.e. from 11 August 1992 to 7 Jduly
1993). Assuming that they have continued to monitor the lysmeters on a regular basis, an in-depth
asessment of the lysmeter information should be carried out to:
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Evauate the operationa performance associated with ingtalation of sets of lysmeters at various
levelsin the heap;

Examine the devdopment of the (measured) water qudities in relation to the observed
characterigtics of the rocks (i.e. mineralogy, particle sizes, etc.); and

Determine whether the results of the lysmeter studies can be extrapolated to estimate the
possible extent of AMD generation from the heap.

This additiond assessment would require two to three weeks of technicd time, assuming the
lysmeters have continued to be monitored and that the available data is adequate for such an in-
depth assessment.

Buffering Provided by Aluminosilicates

Future work to evauae the neutrdization potentid and possble water quality impact of the
aduminoslicates would be very worthwhile.  Such experiments could determine when the
neutraization actudly begins, as well as the rate a which these minerds can dissolve to provide
buffering. Studies from the published literature describe the kinetic dissolution rates of some of these
minerds (e.g. sericite, biotite) and the dependence on pH, but the minera form and therefore the
reactivity of duminosilicates tends to be somewhat dte-specific. Any experimental methods or
testwork developed to evauate the possible ranges of westhering and neutrdization provided by
auminodlicates would be applicable to other Stes and very useful for predicting AMD.

Lefebvre (1996) indicates that some of the above areas for further work identified from this peer
review may be addressed by a Ph.D. study being carried out on "the geochemistry of the dump,
including geochemical modeling, a further assessment of the composition of extracted pore
water as well as samples from the gravity lysimeteres (the ones discussed in the reports) plus
suction lysimeters (more recent installations not discussed in the reports)”.

7.7.3  Further Mode Development

The authors recommendations for further work (Section 7.5.7 GREGI, 1994-12) are primarily
oriented towards better characterization of the physica processes determining AMD. The new
information would likely be used to refine the TOUGH AMD modd which is primarily a physicd
modd. In our opinion, extensve refinements are not necessary as the mode has dready been shown
to be useful for examining the physca effects of various cover options. In our view, the most
ggnificant information that could be incorporated into their modd is dready avalable from the
mineraogica, geochemica and water quality studies performed at this Site,
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Based on our review of ther modeling work presented in the overview document (GREGI,
1994-12), the following steps could be taken to improve the capabilities of the current (physica)
TOUGH AMD modd:

1. Examine and review boundary layer assgnments or numericd methods, that resulted in the
prediction of eddy formation insde the hegp. This phenomenon has not been observed;

2. Develop an dternate modd concept to the reaction core modd for describing the reective
surface area of pyrite that consders the rock type, and the results of the physica weathering
(hardness) studies, minerdogy studies and visua observations. The presence and creation of
fine particles has been shown to have a sgnificant effect on sulphide oxidation rate, moisture
content, permesbility, etc., and should be consdered in their modd;

3. Vdidaethe moded by comparing modd predictionsto field data.

Lefebvre (1996) consdersthat "a refinement of the model grid near the surface would improve
the representation of the exchanges (hear, gas and moisture) taking place at the surface”, and
additional cgpabilities could be easly implemented for the reaction core mode; however, the
capability to represent the effect of the cregtion of fine particles would be the most important. This
particular capability is currently being developed for TOUGH2 by researchers (collaborators) at the
Lawrence Berkeley Nationd Laboratory. Lefebvre (1996) agrees with the need to further vaidate
the TOUGH AMD modd.

The following additiond steps would be required if, at a future dete, it should be decided that it would
be useful to incorporate geochemical and mineralogica processes into the TOUGH AMD mode!:

Determine the key controlling minerds and reactions and the limits on reactivity/solubility. This
may require additional laboratory testwork designed to evauate these reactions;

The water qudity (seepage, groundwater) at this Ste has been consgtent for a long time,
therefore, it should be rdatively straightforward to characterize and smulate the effects of the
controlling minerds,

Incorporate agorithms for smple chemical speciation into the modd or dternatively, assess
whether the empirica gpproach used to develop corrdation’s for predicting water quality
parameters based on TDS or conductivity can be used to predict other parameters based on
the concentration of sulphate. These equations could then be added into their mode to
provide "gpproximate’ water quaity predictions for short-term smulations;

Incorporate temperature and pH dependence for the expressions describing the kinetics of
sulphide oxidation;
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Add new solid phases to the modd: pyrite, precipitated sulphate minerds (e.g. gypsum and
jarogte, possibly as sngle solid sulphate phase), and buffering minerds (eg. sericite, muscovite
and chlorite);

Cdibrate the modd by comparing the modding estimates of remaining pyrite, remaining sericite
and precipitated sulphate mineras, to the measured levels from analyses of borehole and trench
samples; predicted oxygen and temperature to levels measured in the fidd programs, and
modd predictions of porewater and seepage quality to measured vaues.

The above steps would improve the predictive capabilities of the TOUGH AMD modd and would
dlow examination of possble changes in segpage qudity resulting from various decommissoning
options. The improved AMD modd would need to be sufficiently versatile or rigorous to apply
directly to other sites, dthough it would be most appropriate for use a Stes with smilar mineralogy
(i.e. pyrite associated with sericite schists and no carbonates).

One of the principal researchers consders that the foremost "improvement to the numerical made
(would be) the addition of basic capabilities to represent leachate buffering and mineral
precipitation” (Lefebvre, 1996).

7.8

Summary

7.8.1

Overview

In concluson, severd different mechanigtic, empiricad and conceptud modes have been developed
and gpplied a Mine Doyon.

Hydrological modeling was carried out and used to prepare a detailed water balance for the
heap. Thiswork provided severd estimates required for predictive AMD modding;

A conceptua model of air circulation in the south waste dump was developed based on field

data (temperature, gas profiles). This was refined through detalled therma modeling and

physica modeing of the heap. The therma models developed for this dte can provide a
definition of the trangport parameters that can be used in subsequent AMD modeling; athough

these parameters should be verified by other methods before use;

Prediction estimates based on (i) heat balance and (ii) sulphate and iron mass balances, both
indicated the current AMD dituation could persst for the next 100 years. The use of two
independent methods provided more confidence in their average estimate of gpproximately
100 years athough the mass balance approach did not alow for consideration of stored acidity
within the dump. The mass baance method is smple and could be gpplied at other Stes,
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however, the calculation procedure for the heat balance is not smple and requires an extensve
temperature monitoring program to estimate heat parameters;

The researchers used an empirica approach to develop correlation equations for predicting the
levels of acidity, duminum, iron (total), magnesum, and sulphate based on measurements of
totd dissolved solids (TDS) and/or conductivity. This empiricd method adlowed them to
reduce chemica anayses requirements and costs, however the corrdation’s developed rely on
measurement of TDS and/or conductivity and therefore cannot be extended to predict future
water qudlity;

Minerdogicd sudies produced a conceptua modd for describing the minerdogica
transformation of duminoslicates and clearly demondrated the importance of duminoslicates
in an acidic system. Developing a good understanding of possible minerdogicd transformations
and associated geochemicd reactionsis particularly important for predictive modeling of AMD
in waste rock;

Physcd modding usng the TOUGH AMD modd developed for this Ste showed the modd
recreated some of the described trends for air circulation in the heap, and could be used to
examine the effects of changes in parameters, with some success,

The TOUGH AMD mode can be used to examine various cover options. Simulations of a
border membrane showed the long-term sulphate concentrations are predicted to remain high.
This result is expected due to dow release of sulphate stored within the hegp as gypsum and
jarogite.

All of the above efforts have provided a good understanding of the processes occurring in the hesp
and the possble extent of generation of acid mine dranage. These studies have indicated which
management options are likely to be successful and have provided estimates for evaluating long-term
treetment requirements.  In our opinion, the dudies a this dte are essentidly complete.
Recommendations for further field studies have been discussed but we do not consider that additiona
data is required. Severd additiond technica assessments could be carried out using the available
information.

782 TOUGH AMD Model

The following points summarize the TOUGH AMD modd:

Congders the physica processes of heat/temperature and oxygen trangport/consumption in a
waste rock heap;

Edtimates the pyrite reaction rate;

134



Report List

Couples oxygen consumption (due to pyrite oxidation) and production of sulphae to an
exiging hydrologicd modd TOUGH2;

Congders water, oxygen, gas, and energy transport;

Can employ ether uniform physicd conditions (eg. porosty, paticle Sze) or heterogeneous
properties,

Employs the shrinking reactive core modd;

Assumes uniform geometry for heap;

Provides gas ve ocity, oxygen flux, oxidation rates, heat flux, water flux sulphate flux a various
locations ingde the heap;

Can be used for theoreticd studies; and

Can be used to examine the effects of placement of a cover (and other mitigation measures) on
the heap.

The following points summarize our critique of the TOUGH AMD model.
It isaphysica model, no geochemical processes are consdered;

An extensve fidd program (temperature, oxygen measurements) is required to characterize
conditions at numerous locations within the hegp;
There are severa inherent problems with their conceptua approach:
assumes uniform-sized spherical particles which may not be redidtic for waste rock;
pyriteis "freg" and completely oxidizable;
paticlesreman same Size;
wesethering (creation of more fine particles) is not considered;
oxygen isthe only oxidant;
the reaction rate is independent of pH and agqueousions,
temperature effects are overamplified;
bacteria activity is not consdered;
chemica speciation is not included;
severd important input parameters are not adequately defined;
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the equations describing the theoretical basis have severd problems with dimensong/units,
and,

there is an obvious problem with the boundary layer assgnment or numerica method (i.e.
prediction of eddy currentsis not redigtic);

The modd has not yet been fully vaidated by comparison of predictions to measured field
data

The following points summarize our recommendations for improving the capailities of the current
(physicd) TOUGH AMD modéd.

Examine and review boundary layer assgnments or numerica methods, that resulted in the
prediction of eddy formation insde the hegp. This phenomenon has not been observed;

Develop an dternate modd concept to the reaction core modd for describing the reective
surface area of pyrite that congders the rock type, and the results of the physica weeathering
(hardness) studies, minerdogy studies and visual observations. The presence and creation of
fine particles has been shown to have a sgnificant effect on sulphide oxidation rate, moisture
content, permesbility, etc., and should be consdered in their modd;

Vdidate the modd by comparing model predictionsto fied data

We have dso provided recommendations regarding steps that could be taken to incorporate
geochemicad and minerdogicd processes into the TOUGH AMD modd.
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8. CONCLUSIONS

The overal conclusion of the peer review with respect to the technica approaches used to investigate
and andyze the Mine Doyon south dump is that state-of-the-art and innovative techniques were used
and that the Mine Doyon case study has advanced our understanding of some specific technical
issues. In addition the work carried out represents a thorough and exceptiondly well documented
case studly.

The overal concluson of the peer review with respect to presentation and technicad detal is that the
ten MEND reports contain a number of inconsistencies and errors which should be corrected so that
the reports represent a more accurate record of the Mine Doyon study. Budget and time constraints
have apparently contributed to the above Situation.

Specific conclusions related to the five technicd components (Hydrology, Geotechnology and
Hydrogeology, Geochemistry, Microbiology and Predictive Modeling) identified for the peer review
are given in the summary at the end of Chapters 3.0, 4.0, 5.0, 6.0 and 7.0 respectively.
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