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Executive Summary

Finding an environmentdly safe, yet economical, method of digposing of reactive mine wastes is
a chdlenge facing both the mining industry and government.  When such materids contain
sulphides, the conventional practice of land-based disposad has often resulted in the generation
of acidic water and the concomitant leaching of trace metds from the mine wastes. Acid
production in tailings and waste rock is aresult of the oxidation of sulphide minerds (principaly
iron pyrite). Acid generation results in various, often severe, impacts on water chemistry and
biologicd resources. The environmentd implications are consderable, particularly since the
problem can perss after active mining has ceased.

One method for controlling acid generation which is receiving increasing atention is the practice
of deposting reective mine wastes underwater.  While the Metd Mining Liquid Effluent
Regulations, authorized under the federd Fisheries Act, currently prohibit lake disposa of mine
tallings, an exemption can be issued through a federa cabinet Order-in-Council. An argument
for subagueous disposd is based on the premise that acid generation is suppressed in submered
mine wadtes that are essentialy unexposed to oxygen and bacterid action. This suggestion is
predicated on knowledge of the biogeochemica nature of lacustrine sediments, and appears to
be supported by observations made in specific field sudies. Hence, it is consstent to suggest
that sulphide-rich mine wastes may be disposed of underwater without significant release of
metals to the overlying waters. In some circumstances, however, a number of factors can act
individualy or in concert to promulgate relesse of metds, with the associated potentia for
environmental degradation. Neverthdess, with sufficient knowledge of post-depostional
chemicd reactivity of the specific tailings and adherence to disposa criteria, these factors can be
mitigated to various extents and impacts on water quaity and indigenous biota minimized.

While this conventiond wisdom supporting subagueous disposad may be correct, only a limited
number of reviews and even fewer fidd studies have been undertaken that add sgnificant
ingght. Consequently, the efficacy of underwater digposa remainslargely unproven.

Responding to the clear need for establishing effective methods to mitigate acid mine drainage,

and recognizing the consderable promise subagueous disposa holds in this regard, the British
Columbia Acid Mine Drainage Task Force issued a cdl for proposas to complete a literature
review on underwater disposa of reactive mine wastes. The study was to focus on the state-of -

the-art in theoretical knowledge and case studies of British Columbia mines disposing of wastes
in a freshwater environment. Congderation was to be given to potentia impacts on freshwater
biologicd systems, including both physical and chemicd effects of mine waste disposd. As a
consequence, Rescan Environmenta Services Ltd. was retained to undertake the literature
review on the Subaqueous Disposal of Reactive Mine Wastes.

This study was completed based on a comprehensive review of al aspects of subagueous
disposd of reactive mine wastes in a freshwater environment, both theoreticd and applied.
While emphasis was placed on the British Columbia experience with underwater disposa
practices, as mandated in the RFP, attention was dso given to other parts of Canada and the
United States.  During the review, numerous and varied sources of literature were consulted
through both desk and computer-aided search methods. Sources of information included,
among others, literature on acid mine drainage mechaniams and chemidry, aguatic chemidtry,
geochemidry, hydrogeochemistry, biochemistry, microbiology, limnology and aqudic
biology/ecology. Whenever possble, rdevant case study data were obtained which often
addressed one or more of the above areas to various degrees of detail. Although the scope of
this report is confined to freshwater (i.e. lake digposd), the literature review includes
documentation on land-based tailings and leach dumps or hegps insofar as they contained data
relevant to subaqueous disposa.  Smilarly, results from marine disposa operations are only
included where such work illustrates principles which are gpplicable universdly to aguetic



sysems. The reaults of this literature review are summarized below. Section 7.0 provides a
comprehengve hibliography of information on both the theory and practice of subagueous
disposa.

Of dl the conclusons drawn from this study, perhaps the most sdient is that AMD poses
serious disadvantages for land-based disposa of reactive mine wastes and that the underwater
disposd of such wastes holds consderable promise for suppressng acid generation.
Neverthdess, the potentid long-term impacts associated with subagueous disposa remain
poorly understood.

Various factors, sometimes acting synergisticaly, determine the potentid for mine wastes
deposited underwater to generate acid and, consequently, the potential for biologica impacts.
These factors include, among others, the naturd chemidry of the recelving environment,
physicochemicd conditions which may hdp limit concentrations of dissolved metds,
hydrochemica conditions that may increase heavy metd solubility and the compaosition of the
mine wastes being deposited. Of the range of predictive tests available to evauate potentia for
acid generation (Section 2.3), the kinetic shake flask test gppears somewhat suiteble for
subaqueous storage of reactive mine wastes.

The complex processes of bicavalability of metds in lake-bottom sediments and
biocaccumulation in the freshwater food chain are not well understood, particularly with regard to
reactive mine waste disposd.  To help improve the level of understanding, lake studies should
be conducted whereby post-depostiona reactivity of submerged wastes is evduated to
determineif benthic effluxes of sdected metds, i.e. Cu, Pb, Zn, Cd, Mn, Fe, As, and Hg are
present and to what extent they are obviated by the gradua deposition of a veneer of natura
sediments. Apart from potentia impact, other biologica effects of underwater disposa include
turbidity, sedimentation on lake bottoms and toxicity to aquatic organisms.

Following areview of the literature relating to acid mine drainage, subaqueous disposd, and its
potentia biologicad implications, numerous case studies documenting existing occurrences of
subaqueous disposal in a freshwater environment were reviewed. The cases andyzed within
British Columbia include Buittle Lake, Benson Lake, Babine Lake, Bearskin Lake (proposed),
Brucegjack Lake (proposed), Kootenay Lake, Pinchi Lake, Summit Lake, Equity Silver Mines
Ltd. (flooded open-pit), Endako Mine (flooded open-pit), Cinola Gold Project (proposed) and
Phoenix Mine. Other Canadian and U.S. cases examined include Garrow Lake, Northwest
Territories; Mandy Lake, Anderson Lake, and Fox Lake, Manitoba; and Reserve Mining Co.
Ltd., Slver Bay, Minnesota. Generdly it was concluded that athough the case sudies
reviewed represented a diversty of environments, the results yidded were somewhat
inconclusve. Daa were generdly supeficid, only remotey rdevant, reflect questionable
sampling practices, and were not gathered with a view toward better understanding the
long-term impacts associated with the subagqueous disposal of reactive mine wastes.

Based on the results of the literature review, it is recommended that field studies be undertaken
to evauate the post-depostiond reectivity of sulphide-bearing mine wastes and to conduct
more detaled, ste-specific investigations of potentid biologica impacts in the freshwater
receiving environment.  Studies should include a detailed evauation of the ore and tailings
mineraogy, particle size distributions, predicted settling behaviour of mine wastes, and leaching
behaviour or reactivity of the wastes once exposed to freshwater. It is consgdered critica that
geochemica and limnologicd fidd investigations be completed in concert to both increase our
knowledge of the factors which control meta release or uptake by tailings and the potentia
associated, direct or indirect, impacts that might accrue to the biological community.

The geochemicd studies recommended require andyzing intertitia waters collected from suites
of cores raised from submerged tailings deposits in a number of lakes including Buttle Lake,
Benson Lake and/or Kootenay Lake, British Columbia; Mandy Lake, Fox Lake, and/or
Anderson Lake, Manitoba. Such studies should embrace a variety of deposts including
unperturbed sediments and tailings with contrasting mineralogies, and should include assessment




of dteration effects and connate water and/or groundwater chemidtry in contrast to tailings
disposed on-land. The studies should include locations no longer receiving mine wastes and
active depostiond regimes. It is highly recommended that the geochemicd invedtigations
include chemicd analyses of sdected mgor and minor dement concentrations in the solid
phases from which the pore waters are extracted, minerdogica characterization, and
measurements of organic carbon concentrations.

Comparative mineralogic sudies of both facies should be undertaken to contrast the extent and
nature of minera dteration where talings of the same composition have been discharged both
underwater and on-land (e.g., Buttle and Benson Lakes). Such comparisons have the potentia
to provide a particularly enlightening suite of examples of the rative diagenetic behaviour of
tallings exposed to the atmosphere versus those submerged in a freshwater environment.

In asociation with the geochemica analyses described above, limnologicd and biologicd
investigations must be completed to link the complex process of metds release from submerged
wadtes to their potentia uptake by aguatic organisms and bioaccumulation in the food chain.
The purpose of these studies will be to describe the lake(s) consdered in terms of features that
can assig in predicting the impacts of mine wastes deposited in Smilar lakes. Lake morphology
and hydrology, physca and chemicd limnology and biological characteristics should al be
measured to dlow invedtigators to cdculate lake turnover and residence time, determine
circulaion and mixing features, and evauate the potentid for wastes to be mobilized and the
rate a which contaminants would be dispersed from the mine waste deposit. A better
understanding of meta transfer between sediments and the aguatic food chain would aso be
achieved.

Site-specific experiments on lacustrine biota should be designed to establish the impacts of
heavy metals on both infaunaand epifauna. Metd levels within the tissues of these organisms
may reflect meta uptake rates and the potentia for bioaccumulation in the food chain. It isdso
advised that one or two suitable fish species (i.e. those characterized by low mobility, long life-
gpans, and/or higher trophic leve feeding) be chosen for tissue metds andysis due to the high
interest in fish by both regulatory agencies and the genera public.

Finaly, based on a combination of theory as documented in this literature review, and empirica
field study data, it is recommended that a decison mode be developed to evauate the suitability
of future underwater waste disposd drategies. Initid attempts at this have been confounded by
the insufficient and/or unreliable data describing conditions at exiging subagqueous disposal Sites.

The type of decison mode proposed would incorporate physical, chemica, geochemicd,
biochemica, limnologica and biological conditions, identified in theory and refined through fied
invedtigation, in a critica peth framework to evauate the environmenta implications associated
with drategies for the subaqueous digposal of mine wastes. It would provide a pragmatic
method for screening disposal dternatives by both industry and government regulators, based
on a fad flaw approach that would identify key potentia problem areas for given proposed
discharge drategies. The decison modd would be developed based on theoretica and case
sudy information collected through this review, coupled with empiricd data gethered through
fied studies such as those outlined above, and would assst both industry in effectively choosing
methods of reactive mine waste digposd and government charged with the responsibility for
ensuring wadtes are disposed of in an environmentally acceptable manner.
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Introduction

The safe and economic digposd of waste rock and tailings is a continuing source of difficulty
plaguing both the mining industry and governments. When these mine waste materids contain
sulphides, the conventiona practice of on-land containment has resulted in the generaion of
highly acidic water and the concomitant leaching of trace metals. This has far reaching and
serious environmenta implications and supports more recent initiatives toward subagueous
disposd, especialy since the problem may continue long after mining operations have ceased.
To investigate the problem of acid mine drainage, severa industry-government task forces have
been egtablished including the national Mine Environment Neutral Drainage (MEND) program
and the British Columbia Acid Mine Drainage Task Force. These committees are playing an
increasingly important role in supporting research, including this literature review on the
Subaqueous Disposal of Reactive Mine Wastes, to encourage the establishment of
environmentaly safe methods for mitigating acid mine drainage.

1.1  Purposeof Study

Subagueous disposal of mine waste rock and tailings relies on the premise that submerged mine
wastes, minimaly exposed to oxygen and bacteria processes, will be suppressed from
generating acid. While this premise may be correct, it remains largely unproven. A limited
number of reviews of the short and long-term environmenta implications of the digposd of mine
wadtes to the aguatic environment have been undertaken and only afew of the field sudies have
addressed such issues. Although basicaly an unproven method of mitigation, there is an ever-
increasing number of mines being developed which are proposing to adopt subagueous disposal
as ameans of combating potentiad acid generation problems. A thorough review of the history
of exiging subagueous disposa practices is, therefore, needed in order to provide a foundation
for making informed and confident judgements on the suitability of aquetic discharge Strategiesin
the future.

Responding to the need for economic and effective approaches to resolve the problem of acid
mine drainage, the British Columbia Acid Mine Drainage Task Force issued a cdl for proposas
to review the British Columbia experience with subagueous digposa of reactive mine wastes in
afreshwater environment. Briefly, the terms of reference for the study were asfollows:

. The consultant was to investigate the effectiveness of digposng of waste rock and
tallings underwater to discourage acid generation, and to assess the potentia impacts of this
disposa method on the freshwater environment.

. Based on a review of rdevant literature, including project specific data gathered from
British Columbia mines utilizing subagueous disposal, the consultant was to evauae the
biologicd impacts of mine wadte disposd in a freshwater environment, consdering both the
physicd and chemica effects of subagueous deposition.

Following areview of the proposads submitted, the British Columbia Acid Mine Drainage Task
Force commissioned Rescan Environmental Services Ltd. in November 1988 to complete the
review contained heren.

1.2  Study Scope and Methodology

This study was completed based on a comprehensive literature review of dl aspects of
subagueous digposal of reactive mine wadtes in a freshwater environment.  Though emphasis
was placed on the British Columbia experience as mandated in the RFP, consideration was aso
given to mines utilizing subagueous disposa practices in other parts of Canada and the United
States. Numerous sources of information were consulted during the review through both desk
and computer-aided search methods.  The types of literature investigated included, among
others, information on acid mine drainage mechanisms, aguatic chemigtry, geochemidtry,



hydrogeochemigtry, biochemistry, microbiology, limnology, and aguetic ecology. While the
scope of this review is limited to freshwater environments, land-based talings, leach
dumps/hegps, and submarine disposal systems were aso consdered insofar as they provided
data relevant to freshwater disposal.

This review, dthough contemporary and congdered to be timely, is certainly not the fird to
address the disposal of mine wastes. Other reviews, studies and reports, some with quite
comprehengive literature reviews, have appeared over the past two decades. In fact, a 1970
report entitted The Disposal of Mining and Milling Wastes with Particular Reference to
Underwater Disposal was somewhat smilar in scope to the one submitted here.  The
fundamental difference between past efforts and this attempt to address subagueous disposd is
that this report evaluates the gate-of-the-art in underwater disposal theory, coupled with data
gathered from mines utilizing the practice, both to advance the current level of understanding and
recommend practical drategies for future fiedd studies to improve our knowledge of the
long-term behaviour and impacts of extant and abandoned submerged tailings deposits.

This report is comprised of two parts: atheoreticd literature review and an overview of sdected
case sudies. The theory component first describes fundamentas of acid mine drainage that
have plagued land-based tailings digposal, then examines the practice of subagueous deposition
with emphass on phydcd, chemicd, geochemicad, microbiologicd and macrobiologica
implications for the freshwater environment. The literature review supporting this theoretical
section is extensve and provides a comprehendve database for those interested in reactive mine

waste disposal.

The case studies selected were chosen based on a number of criteriaincluding data accessibility
and method of subagueous disposad (flooded tailings ponds, pits, underground workings).
Along with the British Columbia experience with freshwater subagqueous disposal, Rescan aso
reviewed mines in other parts of Canada and the U.S. The dStes examined within British
Columbia include Buittle Lake, Babine Lake, Benson Lake, Brucgack Lake (proposed),
Bearskin Lake (proposed), Kootenay Lake, Pinchi Lake, Summit Lake, Equity Siver Mines
Ltd. (flooded openpit), Endako Mine (flooded open-pit), City Resources (Canada) Limited -
Queen Charlotte Idands and Phoenix Mine. Outside British Columbia, the sStes investigated
indude Garrow Lake, Northwest Territories; Mandy Lake, Anderson Lake and Fox Lake,
Manitoba. Also reviewed was Reserve Mining Co. Ltd., Silver Bay on Lake Superior,
Minnesota.

Based on a review of theoretica consderations and the results of the case study andysis,
conclusions are drawn and recommendations are made for future field investigations to increase
our undergtanding of the long-term behaviour and impacts of subaqueous mine waste disposal
through the collection and analysis of empirica data. This improved understanding will permit
more confident review and evauation of future subagqueous disposal strategies.

13 Overview of Literature Search

A comprehengve search was made for literature deding with the subagueous disposa of
reective mine wades, and included condderation of hydrogeochemidry, microbiology,
biochemigtry, biology and limnology. The bibliography compiled in Section 7.0 represent a
subgtantia collection of scientific and technical knowledge on underweter tailings disposd.

Although the scope of this report focusses on subaqueous tailings disposd, the literature search
located and incorporated documentation on land tailings disposd and leach dumps, if these
were found to contain useful informeation.

The literature review incorporated ortline computer database searches using a variety of index
gystems, in addition to an extensve effort to locate information in journds and technica
textbooks. Lists of keywords and authors were compiled from an overview of key
publications. Database systems used include the comprehensve CAN/OLE and DIALOG
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systems, and the QL System. Recognized scientific and engineering index systems that were
searched include:

. NTIS (1964 - present) - listing U.S. Government Publications, dthough not a complete
liging of U.S. Environmenta Protection Agency documents,

. Pollution Abstracts (1970 - present) - a leading source of literature on environmental
quality, solid wastes and water pollution;

Chem Abdtracts (1967 - present) - citations of al research into chemigry and its
goplications;

. Engineering Index - COMPENDEX (1970 - present) - abstracted information from
world-wide engineering and technicd literature including over 4,500 journds, government
reports and books;

. Enviroline (1971 - present) - covers environmental information and indexes over
5,000 internationa publications, including geology, biology and chemidtry;

Aquaref-WATDOC (1970 - present) - Canadian water resources references
encompassing scientific and technical literature;

Mintec/Minproc - CANMET (1968 - present) - Canadian Mining and Minerd
Processing index.

Subsequent to computer database searches, publications were retrieved from the following
collections:

University of British Columbia Library;

Geologicd Survey of Canada Library;

Environment Protection Service (Environment Canada) Library, Pacific Region.
Fisheries and Oceans Library;

Inland Waters Directorate (Environment Canada);

Vancouver Public Library, Sciences and Technology Division,

Universty of Waterloo Groundwater Research Library;

Rescan Environmental Services Library, and the persond libraries of associates who
have contributed to the study.

1.4  Discusson of Literature on Subaqueous Mine Waste Disposal

Much has been observed, investigated and written on acid mine drainage and its control, acid
generation within terredtrid tailings impoundments and waste dumps, and oxidation-reduction
reections involving discarded iron and other resdua metdlic sulphide minerds (pyrite,
pyrrhotite, arsenopyrite, chacopyrite, and resdud zinc and lead sulphides). Only a smdl
portion of the literature attempts to address underwater disposa in the freshwater environment.
Few reports contain data or observations from existing operations which are sufficient for
generd evauation of freshwater disposd. Pertinent references strongly suggest that optimum
conditions for subagueous disposa are not fully understood and that more andyses will be
required to permit developing guidelines for its use.

Some of the more pertinent references include:

Bohn et a., 1981
Daley et a., 1981
Halbert et a., 1982



Report Lis

Hamilton and Fraser, 1978

Hawley, 1975
IMPC, 1982
Kennedy and Hawthorne, 1987
Knapp, 1981

In addition, the content or themes of severd biologicaly oriented overviews or articles suggest
caution about underwaeter tailings disposad. Some references of this type that require specid
atention are:

Allan, 1986
Campbd| et a., 1988
Dadey et a., 1981

Evans and Lasenby, 1988
Forstner and Wittmann, 1983

Hamilton, 1976
Harvey, 1976
Jackson 1978, 1980, 1988
Malo, 1977

There is a subgantid body of literature on marine disposal, but judicious condderation is
required when this information is applied to freshwater subaqueous disposad. Little information
has been located on flooded pits and mine shafts (Gdlinger, 1988). In British Columbia there
ae severad depleted and closed-down workings which now exis as abandoned or
decommissioned open pits.
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Chapter 2

Acid mine drainage (AMD) is the hydrogeologic expresson of a host of complex oxidation
reactions of sulphide minerds. In genera, whenever sulphide minerds such as pyrite, FeS,,
marcasite, FeS,, or pyrrhotite, Fen-1Sn, are exposed to water and to oxygen, the production of
hydrous ferrous sulphate will result. Ground waters percolating through or flushing around or
saturating these minerds will dissolve the ferrous sdts and acid. The ferrous iron will
subsequently be oxidized to ferric ions or ferric oxyhydroxides ether chemicdly or
biochemicaly. A buildup of ferric ion will usudly mean that this gpecies will far exceed oxygen
as the dominant oxidizing agent of exposed sulphide mineradls. As the reactions progress, the
rate of oxidation of the sulphides continues to increase as more ferric ion is generated and thisin
turn oxidizes more iron sulphide to release more ferrous and eventualy more ferric ions. In this
sense the oxidation of the sulphides can become auto-cataytic.

Percolation or flushing of surrounding ground waters, which picks up the resction products of
sulphide oxidetion, will normally contain some akalinity, such as CaCO,, which can react to
neutrdize the acid. Thus the eventud drainage might be neutral in pH with devated sulphate
concentrations.  Whether or not the percolaing or flushing waters will eventudly emerge as
"acid drainage’, therefore, will depend not only on the balances of acid-producing sulphides and
acid-consuming rocks (such as CaCQO;) but also on the rates of acid production versus dkaine
production.

Drainage conditions can change dramaticaly over long periods of time. Should carbonate be
consumed, production of neutrdizing akainity would cease while acid production continued. A

neutrd drainage could then rapidly convert to a strongly acid one. It should not be surprising,
therefore, that predictive technology of AMD is necessarily complex.

21  AMD Generation/Consumption

Thermodynamicdly, sulphides are only stable in reducing agueous environments. One of the
best ways to depict the various domains of thermodynamic stability is to use an E, versus pH
diagram. Cloke (1966) concisely outlines methods for construction of E-pH diagrams. Figure
21 shows such a ‘"Pourbax Diagram" for the FeSH,O system
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under standard conditions of temperature (298°C) and pressure (1 atmosphere) for 106 activity
of dissolved iron species (Garrels and Christ, 1965).

Figure 2-1 indicates that oxidizing conditions (higher E,) are required to dissolve pyrite to yield
Fe* or eventudly Fet** species. A Pourbaix diagram for the SH,O sysem is shown in
Figure 2-2 which aso indicates the need for oxidizing conditions to form SO,= ions,

Commonly accepted reactions describing the naturd oxidation of pyrite are as follows (Singer
and Stumm, 1969):

FeS, +7/20; + HyO ----> Fe™ + 280, - + 2H* D
Fet + 1/4 O, + H ----> Fe* + 1/2 H,0 @
FeS, + 14 Fer* + 8 H,0 ----> 15 Fe** + 280, - + 16H* @
Fer** + 3 H,0 ----> Fe(OH); (solid) + 3H* (4)

Singer and Stumm (1969) reported that oxidation of Fe* (reaction (2) above) was rate limiting
and very dow under derile conditions. Bacteria, which are ubiquitous in these sysems, are
capable of catalyzing this iron oxidation and hence propagete the leaching cycles. Oxygen
remains a critica reactant by serving to regenerate the ferric ion. Oxygen is dso criticd to the
growth of bacteria such as Thiobacillus ferrooxidans and Thiobacillus thiooxidans which
participate in the sulphide oxidation. These microorganisms normally depend aso on dissolved
CO, as their source of carbon and require nitrogen and phosphorus for chemosynthes's and
growth. Hence agration of water is crucid to the formation of AMD by oxidation of sulphide
mineras.

Although some authors attempt to describe acid formation as either a chemicd or
electrochemica reaction mechanism, Figure2-1 indicates that dmost every reection in the
Fe-S-H20 system involves eectron transfer or change in oxidation date or eectrochemidry.
On the Eh vs. pH diagrams, only verticd lines separating domains or “fields of stability” involve
no eectron transfer. Since essentidly al lines, except the equilibrium between Fe3+ and
Fe203 are either horizontal or doping, dl reactions depicted in Figure 2-1 are electrochemical
in nature.

The prospect of driving the oxidation of sulphides by gavanic coupling between contacting
minerd phases of differing potentids is unlikdy to be dgnificant except in
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relaivdy massve sulphide deposits.  In any case trangportation of oxidant rather than
electrontransfer reactions generaly controls the rate of acid generation as explained further in
Section 2.2

Acid-consuming reactions can involve direct reaction of acid with carbonate mineras such as
cdcite or dolomite, i.e.

FeS,(S) + 2 CaCO4(s) + 15/4 O,(g) --> Fe(OH)4(S) + 250, - + 2Ca+* + 2CO,(g) (5)

or reaction of acid with dissolved carbonate-bicarbonate species in the percolation or flushing of
surrounding waters. Factors affecting carbonate solubility include pH, partid pressure of CO,,
the surface area of the exposed carbonate minerd and the nature of the carbonate minerd.
Equation (5) predicts that 3.12 grams of cacite would neutrdize the acid generated from the
oxidation of 1gram of pyrite. By anadogy 2.87 grams of dolomite (Ca Mg(COs),) would
neutraize the acid from 1 gram of pyrite. Note that according to equation (5), two moles of
dissolved SO,= might persist indicating that acid has been produced by the oxidation of pyrite.
If cacite is present in the rocks, the SO4= concentration might be limited to 400 ppm since
above this concentration gypsum would be precipitated.

There is evidence that some carbonate minerals, such as sderite, FeCO;, would have little or
no neutralizing action on acidic waters.

Subsequent oxidation of Fet* to Fet** and precipitation of Fe(OH)5(S) again releases H+ ions
(see eguations (2) and (4)); hence no net H* ions would be consumed. Thus, distinguishing the
nature of the carbonate minera present can be important.

Westhering of slicates aso consumes acid but such reactions are generdly too dow to be
consdered effective dkainity producers for the prevention of AMD. Olivine is one exception;

neutraization of concentrated acids can take as little as two hours using crushed olivine
(Pietersenet a., 1988).

2.2  Raesof Acid and Alkainity Production

Although the chemigtry, biochemistry and eectrochemistry of acid generation processes are
certainly important, the physics of acid/dkdinity generation processes are usualy pre-eminent.
The kinetics of acid formation can sometimes be limited by the rate of trangportation of oxidant
(either O, or Fet**) to the sulphide surface. There is dso strong evidence that for
above-ground mine wastes, the concentration of acidity is a function of the length of time
between periodic flushing of the rock (Caruccio and Geiddl, 1984). Figures 2-3 and 2-4 show
results of amulated weethering studies on pyrite-containing cod and shde. Figure 2-3 shows
that increasing the interva between flushing did not produce a decrease in cumulative acidity;
ingtead the cumulative acidity remained relatively congtant. Figure 2-4 shows that reducing the
frequency of flushings Smply increased the concentration of acidity in each flush. These results
indicate that oxidation of the pyrite continued unabated during periods of reative dryness or
flushing.

On the other hand, with contained limestone, the higher the frequency of flushing the greater was
the cumulative akalinity produced (see Figure 2-5). Figure 2-6 shows that the concentration of
akalinity produced in these Smulated weathering tests was independent of flushing frequency.
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This suggests strongly theat akalinity produced by dissolution of CaCOj in weter rapidly attained
an equilibrium governed by solubility condderations. The kinetics of acid and dkdinity
production in waste rock above ground and subject to dternate drying and flushing sequences
can thus differ dramatically and be highly time dependent.

In contrast to the above, storage of reactive wastes under water produces dramatically
different reaction conditions. With amaospheric oxygen as the ultimate crucid oxidant in the
acid-producing reactions, underwater disposal can dragtically curtail reaction rates. Firdly, the
concentration of dissolved oxygen in water can atain a maximum of 86x 106 g/cm® at 1
atmosphere air pressure; far lower than the oxygen concentration in air. Secondly, the diffuson
congtant for oxygen in water (~2 x 10-6 cmé/seC) is nearly five orders of magnitude less than the
diffuson congtant for oxygen in air (0.178). Thus less than a metre of rdaively stagnant water
will reduce the oxidation rate of submerged pyrite effectively to zero. Naturd levels of dkadinity
in the water body can serve to neutraize asmal amount of emergent acidity.

Current theory and limited field data thus support the propostion that storage of fresh but
reactive sulphide waste rock or talings underwater should prevent the generaion of acid.

Oxygen serves as a critica reactant for the electrochemical oxidation of S2 to S (in SO,2)
and for mantaning an aerobic bacterid colony to cadyze oxidation of Fett
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to Fet**. This does not, however, suggest that dl sulphide wastes can be safdy stored
underwater. Should the sulphides be heavily pre-oxidized, then their oxidation products might
be rapidly hydrolyzed to form acids if disposed of underwater. Once the soluble oxidation
products have been dissolved (and hopefully neutraized) oxidative leaching of resdud sulphide
should be curtailed aswould fresh sulphides.

2.3  Acid Mine Drainage - Prediction

Predicting the qudity of ground water draining from a mine waste dump or derived from the
Supernatant water above a mine waste sediment depends criticaly on an assessment of the
potentia of the waste to produce acidity versus the potentia to produce akdinity. If a macro
environment is closed or isolated, andyses of totad acid production potential versus tota
akalinity potentid of a waste materid should indicate whether the system will remain neutra or
become acidic over a geologicaly long period of time. So caled static methods of acid/base
accounting might then have merit a least as screening tests to determine whether more
expensve kinetic tests are warranted.

In most disposal systems water and dissolved gases will percolate or flow in and out of the
micro-environments generating acidity and/or dkainity. The rates at which sulphides produce
acidity and calcareous components produce akainity are not equa. Thus the kinetics of
acid/dkaline release become important. Severd predictive kinetic tests have been developed to
attempt to accelerate wesathering reactions and enable direct determination of aqueous effluent
or supernatant qualities.

2.3.1 Sic- Whole Rock Acid/Base Accounting
Smplicity, rgpidity and low cost makes gatic-whole rock determinations of acid production

potential versus dkaline production potentia popular predictive methods. There are severd
published procedures for determining these characteristics of waste materias.

2.3.1.1 B.C. Reszarch Initid Test

This test uses direct sulphuric acid titration of -400 mesh ground materia to an end point of
pH = 3.5 and room temperature to determine the acid consumption for neutrdization potentid.
Acid production potentia is caculated by anadyzing the sample for totd  sulphur content and
assuming that dl of this would eventudly be converted to S in H,SO,. Both acid production
potentid (AP) and acid consumption or neutrdization potentiad (NP) are expressed as
equivalents of kg CaCO; per tonne of sample. If AP > NP then the waste rock or tailing is said
possibly to generate AMD (Duncan and Bruynesteyn, 1979).

In some samples, use of total sulphur rather than only sulphide sulphur andyses can dramatically
overestimate acid production potentia. Thus the estimate can be very conservative.

2.3.1.2 Acid/Base Accounting

This test is somewhat smilar to the above procedure but uses a hot excess HCI reaction
followed by NaOH titration of excess HCl to an end point of pH 7.0 to determine
"neutrdization potentid” (NP). AP isdetermined as above by totd sulphur analyses. If NP-AP
islessthan -5kg CaCOs/tonne then the waste is consdered potentidly acid producing (Sobek
eta., 1978).

This procedure can overestimate AP for the same reasons as above. The hot acid titration can

aso overesimate NP by virtue of measuring and equating non-neutralizing carbonates such as
dderite with effective akaline producers such as limestone or dolomite.



2.3.1.3 AlkdineProduction Potentid: Sulphur Retio

Alkdine production potential (APP) is determined by measuring the HCI consumed in two
hours of room temperature reaction (with -23 um sample) after titrating excess acid added with
NaOH to an end point of pH 5.0. APPiscalculated as mgs CaCO, per 500 g sample. AP is
determined again by total sulphur anayses and expressed as a percent. Wagtes of low APP.S
ratio are suspected of being producers of AMD (Caruccio et d., 1981).

Comparisons of the APP:S ratio with kinetic weethering charts are clamed to qudify these
ratios as having a predictive capacity. Without such comparisons, the results are suspect.

2.3.1.4 Net Acid Production Test

This method, developed at Coastech Research, uses hydrogen peroxide addition to oxidize
sulphides in one hour. Acids generated by this oxidation are either consumed by dkdine
condtituents or excess acid is titrated to pH 7 usng NaOH. Excess Net AP is then expressed
askg CaCO; equivaent per tonne. A pogtive Net AP is believed to indicate the potential for
AMD (Albright, 1987; Lutwick, 1987).

The test accuracy for tailings and waste rock has been confirmed by field comparison.
2.3.1.5 Other Static Tedts

A so-caled Hydrogen Peroxide Test fFinkdman and Giffin, 1986) uses hydrogen peroxide
oxidation to determine the amount of pyrite or reective sulphide in asample. Therate of change
of pH is compared to a sandard curve devel oped using pyrite-seeded standards.

Preliminary results appear to be too inaccurate to be of red use.

A Manometric Carbonate Pressure Analysis (Evanglon et d., 1985) is used to characterize the
nature of akaine-producing carbonate in a sample. Carbonate contents can be characterized
as cacite, dolomite or Sderite to assst in evauating the effectiveness of dkdinity productionin a
sample.

Resaults to date are inconclusive in establishing the reliability of this technique.
2.3.2 Kindtic - Accderated Weathering Tests

Leaching and dmulated westhering tests are used to develop kinetic data amed at
characterizing drainage from waste rock or taling disposd schemes. There are at least Six
different published kinetic tests.

2.3.2.1 B.C. Research Confirmation Test

Thisisabiologicdly-inoculated oxidation test designed to determine whether sulphide oxidizing
bacteria can generate more acid than can be consumed by an equa quantity of the sample. The
pulp isfirg acidified to pH 2.0-2.4 and then inoculated with Thiobacillus ferrooxidans culture
adapted to grow on pyritic ore. Oxidation initialy proceeds until a stable pH is reached, then an
equivaent weight to the origind sample is added in two increments after 24 and 48 hours. If the
pH is less than 3.5, 24 hours after each addition, the sample is consdered to be an acid
producer (Duncan and Bruynesteyn, 1979).

This test has correctly predicted many field results. The initid acidification of the sample is
believed, however, to make some results unredidtic.

2.3.2.2 Humidity Cell Test

The humidity cel models the processes of geochemica weathering wherein a bed of crushed
rock or tailing sample is subjected to three days of dry air, then three days of moigt air then one
day of leeching in water. Leachates are analyzed for arange of parameters such as pH, redox,



acidity, dkdinity, sulphate, conductivity and dissolved metas. This test generdly takes 8-
10 weeks to complete (Sobek et a., 1978).

The humidity cell has correctly predicted field results on tailings and on waste rock samples.
The test seems well suited to waste rock dumps adternately subjected to infiltration, drying and
flushing sequences. Improvements to the origind Sobek type humidity cdl are currently being
eva uated.

2.3.2.3 Shake Flask Tests

Tailings or waste rock are ground to -50 pm, washed with sulphuric acid to remove residud
akalinity, and then subjected to leaching in an inoculated, incubated shake flask test extending
up to three months. The objective is to determine the rate of pyritic sulphur oxidation by
measuring sulphate production in the leachate versus time. In the origind procedure employed
by Habert et a. (1983) a triple factor x two level factoriad design procedure was used to
determine the effect of temperature, initid pH and pyrite oxidizing bacteria on sulphate
generation. In addition to pH and sulphate andyses, dissolved metd's were aso determined on
the leachates produced. Low initid pH (pH = 3.0) and higher incubation temperatures (21°C)
resulted in accelerated sulphate generation rates.

The shake flask tests have correctly predicted fidd behaviour of tailing samples, but have not
been entirdly successful in predicting field behaviour of waste rock.

Based on the congtant Ieaching action of the shake flask test it should not perhaps be surprising
that this test seems accurate in predicting the field behaviour of talings, which are often
saturated or of low oxygen permeability. The test does not gppear to perform well for waste
rock dumps which would be subjected to dternate infiltration, wetting and drying followed by
flushing events

2.3.2.4 Soxhlet Extraction Tests

A specid Soxhlet extraction gpparatus is used to smulate an acceerated geochemica
weethering using ether acetic acid or didtilled water as extractant. The Singleton-Lavkulich
procedure uses an extraction temperature of 68°C and both acetic acid and digtilled water,
while the modified Sullivan-Sobek procedure uses 27°C and only distilled water (Singleton and
Lavkulich, 1978; Sullivan and Sobek, 1982).

Soxhlet extractions usng water have correctly identified acid generating behaviours in talings
samples and in wagte rock samples. The acetic acid extraction procedure appears to be
unregligic in evauating AMD behaviours.

2.3.2.5 ColumngLysmeters

Column/lysmeter studies have been conducted by CANMET (Ritcey and Silver, 1982). Inthis
testwork, samples were placed in columns or boxes and periodicdly leached with water. A
samulated rain cyce plus timed intervas of light and darkness were used to accderate
weathering times ~ nine-fold. Such tests sometimes last two to three months.

Prdiminary results from the CANMET lysmeter tests gpopear to pardld fidd experience
cosdy. Fifty kilogram samples were used, and the tests smulated eight years of naturd
leeching.

24  Summay

In the absence of oxygen, the bacteridly-mediated acid-generating oxidation of sulphide
minerasis strongly inhibited. Under conditions of low turbulence, ardatively thin layer of water
appears to be sufficient to lower the oxidation rate of submerged pyrite substantidly. Diagenetic
factors which can promote or inhibit oxidation in sediments are discussed in the following
chapter.
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Although many different methods exist to predict acid mine drainage, only a few seem to be
accurate for a broad range of tailings and waste rock from metaliferous minesin Canada. Due
to their low codt, amplicity and rgpid results, static, whole rock acid/base accounting
procedures will probably perdst for preliminary screening purposes. The available evidence
indicates that acid production potentials should be based on sulphide sulphur analyses rather
than total sulphur. There is aso evidence to suggest that cold acid titrations are preferable, as
they exclude carbonates such as sderite (FeCO;).

Certain kinetic tests, dthough time consuming and expensive, do appear capable of accuratdy
predicting AMD. Alternating wetting, drying and flushing cycles, such as humidity cels or
lysmeters appear to be the preferable method for evauation of AMD potentid in unsaturated

waste rock stored on land. Shake flask tests appear more suited for evauating the acid-
generating potentid of tailings or waste rock stored under water.
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Chapter 3

Natura lacudrine sediments characteristically exhibit a chemical zonation with depth which
reflects the integrated influence of physica, microbiologica and inorganic chemica phenomena
Factors as diverse as the reactivity and rate of accumulation of organic matter, the concentration
of oxygen in bottom water, input to the sediments of detrital oxyhydroxide phases, and the
presence or absence of benthic fauna dl play mgor roles in governing the digribution of a
number of dissolved congtituents in interstitid water and the distribution of specific authigenic
phases a various sub-bottom depths.  All these factors will, to varying extents, dso affect the
diagenetic behaviour of submerged mine tallings In the following section, therefore, such
diagenetic elements will be described individudly as they pertain to naturd sediments, and their
collective theoreticd influence on the reactivity of submerged sulphide-bearing materids will be
discussed.

3.1  Biogeochemicd Zonation - Theory

Bacterid oxidation of reactive organic matter in lacustrine sediments proceeds via a series of
overlapping, enzyme-mediated dectron-transfer reactions in which the thermodynamicaly-
unstable reduced carbon compounds serve as eectron donors and various oxidants act as
termina electron acceptors as degradation proceeds. Heterotrophs act smply as catadyss
during such degradation; they are unable to carry out reactions which are not thermodynamically
possible (Fenchd and Blackburn, 1979).

During oxidation, organic matter will donate eectrons to orbitals of lowest avalable energy
levd, as this produces the grestest free energy gain per unit of organic materid oxidized. The
reaction sequence (Table 3-1) thus proceedsin an order which is determined by net free energy
yidd, with aerobic oxidation, the highest-yield reaction, preceding (in thermodynamic order)
denitrification, manganese and iron oxyhydroxide reduction, sulphae reduction, and
methanogenesis (CO, reduction) (Frodich et d., 1979).

In sedimentary systems which are recelving a constant input of reactive (i.e. degradable) organic

detritus, a steady-state zonation will be established with depth if the bacterid demand for
oxidants exceeds the rate of supply by diffuson or advection. In such cases
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Table 31
Oxidation Reactions of Sedimentary Organic Matter

1. Aerobic oxidation: G = -475 kImol
(CH50)106(NH3)16(H3PO,) + 138 O, = 106 CO, + 16 HNO; + HaPO, + 122 H,O

2. Nitrate  reduction (denitrification): G = -448 kJmol
+ 1484 H,O

3. Manganese  oxide  reduction: G’ = -349  kImol
(CH50)106(NH3)16(H3PO,) + 236 MNO, + 472 H* = 236 Mn2* + 106 CO, + 8 N,

+ HaPO, + 366 H,O

4. lron oxyhydroxide reduction: G = -114 kJmol
(CH,0)106(NH3)16(H3PO,) + 424 FEOOH + 848 H* = 424 Fe?* + 106 CO, + 16 NHj

+ HaPO, + 742 H,O

5. Sulphate reduction: G = -77 kJmol

(CH,0)106(NH3)16(H3PO,) + 53 SO42 = 106 CO, + 16 NH3 + 53 $- + H;PO, + 106 H,0

6. Methanogenesis  (fermentation): G = 70 kIJmol

Listed in order of the free energy yields shown, compiled from Froelich et al. (1979), Bender and Heggie (1984)
and Kadko et al. (1987). The free energy yields are presented as kJ per mole of CH,O oxidized, and the
organic matter stoichiometry chosen is equivalent to the Redfield ratio for marine plankton (Redfield, 1958).




O, will be depleted a some depth below the sediment-water interface.  As the oxygen
concentration decreases to low (but not yet zero) levels, nitrate reduction will commence. The
other oxidants listed in Table 3-1 will subsequently be reduced in the order shown should there
continue to be a deficiency of oxidant supply relative to demand.

In sedimentsin mesotrophic or eutrophic lakes, the organic carbon content is usudly sufficient to
edtablish anoxic conditions at depths ranging from a few millimetres to one decimetre. The
resulting chemica zonation is therefore characterized by a steadily decreasing redox potentia
with depth, and the release to interdtitial solution (pore water) of a number of reaction products
(Table 31, Figure 3-1). Because the depth to the oxic-anoxic boundary is determined by
relative rates of supply and consumption of oxidants, the zonation shown in Figure 3-1 can be
thought of as a "biogeochemica rubber band" which is sretched when oxidant demand
decreases rdlative to supply, and compressed when the opposite conditions occur. Thus, in the
absence of secondary dissolution/ precipitation reactions, and because the oxidant reaction
sequence is based on thermodynamics, the reative digtribution of dissolved species in pore
water is congant from dte to Ste; only the depth scae changes based on the intendity of
diageness (Bender and Heggie, 1984). Note that the zones defined in Figure 3-1 overlap in dl
cases to some extent. In theory, thermodynamic considerations prohibit such overlaps but they
occur for two main reasons in the natural environment. Firg, kinetic effects (such as rates of
abiologic oxidation of diffusng reduced species) tend to smear the thermodynamic boundaries,
and second, organic matter isin genera not distributed homogeneoudy in sediments, which can
giverise, for example, to reducing microenvironments in the aerobic oxidation zone.

Aerobic oxidation involves a Sngle enzyme-mediated transfer of four electronsas O, is reduced
directly to water; thus oxygen is consdered to be a strong oxidant in agueous systems (Stumm
and Morgan, 1981). It istypicd of aerobes that they carry out, within each cell, a complete
oxidation to CO, of the organic compounds that they assmilate (Jorgensen, 1983). Due to ther
oxygen consumption, the oxic zone condtitutes only arather thin layer in most cases. In terms of
the amount of carbon oxidized, however, oxygen is the principad oxidant in most lacudrine
sediments (Fenchd and Blackburn, 1979). Oxygen is consumed not only by the minerdization
of organic matter but aso by the oxidation of Fe2*, Mr?+ and other reduced substances,
including sulphide species and methane, which diffuse up into the oxic zone (Gobell e 4d.,
1987).
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Nitrate and the intermediate species nitrite, thermodynamicdly the first of the secondary
oxidants, are produced during nitrification in the aerobic zone and consumed by denitrification
as O, becomes essentialy depleted (Smith et al., 1983). The nitrale maximum sometimes
observed at shalow depths in sediments reflects oxidation of upward-diffusng NH,*; first to
NO,- by Nitrosomonas spp. and then to NO;- by Nitrobacter spp., in addition to the release
to solution by aerobes of oxidized organic N. Nitrate (and, for that matter, nitrite) will diffuse
downward from the maximum to be reduced by denitrifying bacteria below the oxic zone.
Degpite the relatively large free energy yield associated with reduction of NO;- (Table 3-1),
nitrete respiration as a fraction of the total respiration in sediments is quantitatively minor which
reflects the low NO;- concentration characteristic of bottom and pore waters (Sorensen and
Jorgensen, 1987).

The utilization by bacteria of the next-favoured e ectron acceptors, Mn and Fe oxides, resultsin
the dissolution of the solid phases and the release to pore water of dissolved Mre+ and Fe2+. In
practice, manganese oxide reduction commences dightly before complete depletion of NO;-, as
shown in Figure3-1. Fe2* typicdly appears in pore water a a dightly greater depth than
manganese, which reflects the different free energy yidds (Table 3-1) upon reduction of the
oxides and the dower kinetics of oxidatiion of Mr?* (Jacobs et al., 1985; Pedersen e 4.,
1986). Because the reduction of MnO, commences in practice dmost as soon as O, has been
depleted, the depth a which Mré* first appears in pore water is a reasonably precise indicator
of the sub-bottom oxic-anoxic boundary.

Sulphate-reducing bacteriawill consume SO,2- below the zone of iron oxyhydroxide reduction,
yidding H,S (which occurs mogtly as dissolved HS- &t the neutrd or dightly acid pH of most
lacustrine pore waters). In sulphate-bearing lake waters, such as the sdine lakes of the B.C.
interior (eg. Hal and Northcote, 1986), sulphate reduction probably accounts for a
congderable portion of the tota amount of organic materid oxidized in the sediments. In other
meromictic lakes, such as those where post-glaciad isostatic rebound trapped seawater behind
newly-emerged slis (e.g. Powell and Sakinaw lakes in B.C. (see Sanderson et a., 1986),
Garrow Lake on Little Cornwallis Idand (Ouellet and Page, 1988; Bohn et d., 1981; Kuit and
Gowans, 1981; Kuit, 1982) and a number of lakes aong the Norwegian coast (Strom, 1957)),
the reduction of sulphate at depth in the Stratified water columns generates large concentrations
of H,S. Ferric iron (as FeOOH, for example) can be reduced by upward-diffusng sulphide
gpecies either chemicdly or via bacterid catdyss. Evolved Fe2+ will be rapidly precipitated in
the presence of dissolved sulphide as FeS of FeS,, as discussed below.  Such authigenesis is
responsible for the decrease of both sulphide and dissolved iron in the sulphate-reduction zone
in the FHgure 3-1 schematic.

Reduction of carbon dioxide with concomitant production of methane proceeds once sulphate
has been depleted. In marine or sulphate-rich lacugtrine sediments, the inventory of SO,2
relaive to the pool of degradable organic matter is large and the sulphate reduction zone often
thick. These phenomena, coupled with the fact that sulphate-reducing bacteria are capable of
oxidizing most types of organic matter (except the most refractory compounds), usualy
preclude the onset of methanogeness in sulphate-replete deposits (Jorgensen, 1982).



However, most fresh waters are relaively depleted in SO,2-; a condition which commonly
fogters methane production at depth in lacudtrine sediments rich in labile organic matter.

Studies of the hydrogen ion activity in anoxic lacugtrine pore waters in lakes of normd (i.e. non-
dkaine) hardness indicate that the pH fdls typicdly in the relatively neutrd range 6.0 to 7.5
(Emerson, 1976; Carignan and Nriagu, 1985), even in cases where the overlying lake water
may be acid (pH's as low as 4.5, Carignan and Nriagu, 1985). The near neutrdity of the
interdtitial waters reflects buffering in the anaerobic zone by production of HCO;- (dkalinity, via
such reactions as sulphate reduction, iron oxyhydroxide reduction, and FeS precipitation, which
can be expressed collectively (Carignan and Nriagu, 1985) as 4Fe(OH),(s) + 4S0,%(aq) +
9CH,0O = 4FeS(s) + CO, + 8HCO; + 11 H,0), and NH,* (via hydrolyss of ammonia,
NH;). Stumm and Morgan (1981) and Mordl (1983) note that other reactions, such as the
weethering of dlicates, as well as the ion exchange of H* for other adsorbed cations, may
contribute to the buffering capacity of pore waters. Aerobic diagenesis in the oxic zone can
sustain lower pH levels as a consequence of CO, production, but because this stratum is usudly
thin in most lake sediments, the mean pH in lacustrine pore waters can be conddered to be
more neutrd.

3.2  Factors Affecting the Biogeochemica Rubber Band

The intengty of sedimentary diagenesis is a function of two key varigbles, the availability of
oxidants, which is controlled both by physcad and chemica factors, and the demand for
oxidants that accrues from the presence of |abile organic substrate, which in turn is controlled by
the rlative input of inorganic and organic phases and the composition or "qudity” of the organic
compounds.

The depth to the oxic-anoxic interface in lacustrine depodits is controlled in part by the rate at
which oxygen can diffuse into the sediments (see Section 3.4.3) to replace that consumed by
becteria and by oxidation of upward-diffusng reduced species. An increase in the O,
concentration in bottom water which will enhance the downward diffusive flux of oxygen, will
promulgate a degpening of the sedimentary redoxcline, dl other factors being equd.

The depth to the redoxcline dso reflects the content of labile organic matter, which in turn is
controlled by the rdative input fluxes of particulate organic and lithogenic materials. The flux of
inorganic detritus plays two opposing rolesin this regard. Firdt, such materia acts as a diluent,
reducing the percentage of organic carbon in the sediments, thereby reducing the bacterid
oxygen demand per unit volume. Second, alarge input flux increases the linear sedimentation or
burid rate of the organic fraction, which more quickly removes a specific horizon from diffusve
communication with the overlying water, the source of most of the oxidant pool. It should be
noted that the concentration of dissolved oxygen in naturd waters is low, rardy exceeding
400 uma L-1. Therefore, in rgpidly-accumulating deposts, the smdl quantity of oxygen in the
interdtitial water (which is dso being quickly buried) is repidy exhausted. Because the
consumed oxygen cannot be replaced by diffusion acting over a steadily increasing distance, a
high sedimentation rate promotes the establishment of anoxic conditions & a rdatively shalow
depth.

The composition of sedimentary organic matter provides another mgjor influence on the rate of
oxidant consumption during diagenesis. Detritus from vascular plants, particularly cellulose



(polysaccharides) and lignins (phenolic polymers), is particularly ressant to bacterid
degradation because of the high degree of crosdinking between structura units (Emerson and
Hedges, 1988). A low oxidant demand is associated with the deposition of such materids. In
contrast, carbohydrates and nitrogenous materias derived from reatively protein-rich detritus
such as planktonic matter are much more readily degraded by microbes. Thus, input of agd
remains to sediments will foster a higher oxidant demand and shalower oxic-anoxic boundary
than settled or buried woody debris. It follows that highly productive rather than oligotrophic
lakes will tend to be floored by sediments which are anoxic at shalow depths, even given a
higher input of reatively refractory vascular plant debris to the latter.

Bioturbation, the mixing of sediments by burrowing animas, can increase sgnificantly the depth
of penetration of oxygen, both by advection as animds circulate bottom water though their
burrows, and by facilitating diffuson throughout the mixed zone and particularly a its base.
Three principa factors determine the extent of burrowing activity: the organic matter content
(i.e. theamount of food for the burrowers), the oxygen content in bottom water, and the depth
at which H,S accumulates in pore water. As discussed earlier, these three variables are closdly
related, and must be considered in concert rather than in isolation. H,S is toxic to animals and
its presence limits their activity. Thus, an ecologica conflict exigts: H,S, which is deleterious to
bioturbators, is generated at relaively shdlow depths in organic-rich sediments, but the high
organic content of the same depodits tends to support an active infauna community.

Bioturbation is being recognized increasingly as a very important influence on fluxes across the
sediment-water interface in both marine and lacustrine environments (e.g. Kadko and Heath,
1984). In the absence of microstructure, and under teady-gtate conditions, the cycling of
redox-sengtive elements can be greatly enhanced by bioturbation (Westerlund et d., 1986),
dthough fluxes due to molecular diffuson are the most important trangport mechanism in the
upper few centimetres in cases where concentration gradients are steep.  Advection associated
with bioturbetion is more important as a trangport mechanism for sediments below this zone
(Emerson et al., 1984).

Bioturbation can ater concentration gradients in pore waters by increasing the effective surface
area of sediment particles exposed to adsorption-desorption and precipitation-dissolution
reactions (Kadko et d., 1987). Bioturbators which probe the upper reaches of the suboxic or
anoxic zones in sediments can promote the oxidation of authigenic sulphides, which fosters
release of metdsto interditid solution, in effect creating a new dissolved meta source a depth
(Emerson et d., 1984).

Assessment of diagenesisin bioturbated sediments is further complicated by:

. differing reaction rates around burrows resulting from concentration gradients induced
by adding a third dimension to diffuson;

tempord varighility in burrow location;

burrow size variations, and

physica discontinuities associated with burrow structures (Aller, 1983).

In summary, the presence of an active infauna in sediments tends to thicken the aerobic zone
and promote enhanced fluxes of some dissolved condtituents in both directions across the
sediment-water interface.

It has been demondrated in a number of studies that rates of diagenesis and consequent
dretching or compression of the biogeochemica rubber band vary seasondly in lacustrine and
marine sediments in temperate and northern latitudes (see, for example, Jorgensen, 1977;
Holdren and Armstrong, 1980; Sholkovitz and Copland, 1982; and Klump and Martens,



1981). A number of factors control such variations. Firg, dissolved oxygen contents in bottom
water reflect the influence of dratification, which has a strong seasond character in most lakes.
Second, primary productivity varies seasondly, typicdly being highest during the wdl-
illuminated spring and summer months, the settling flux of organic matter directly and amost
immediatdy reflects such variability. Third, seasond warming of sediments and overlying water
promotes increased rates of bacterid metabolism, which amplify the benthic oxidant demand.
The net effect of these influences is to compress the biogeochemica zonation (i.e intengfy
diageness) during the late spring/summer period. Associated stegpening of concentration
gradients promotes larger benthic fluxes of most condtituents involved in near-surface diagenetic
reactions.

3.3  Diagenetic Consequences
3.3.1 Roleof Oxyhydroxide Phases

Poorly ordered, often amorphous, iron and manganese oxides and hydroxides are ubiquitous

condtituents in lacugtrine sediments, frequently occurring in concentrations ranging from about 1
to >10 wt. % (e.g. Hamilton-Taylor, 1979; Farmer et a., 1980; Carignan and Nriagu, 1985;

Cornwell, 1986). These phases are important diageneticaly because of their participation in

redox reactions as discussed above, and because their surfaces provide sites for the remova of

trace metds from natura waters. Kadko et d. (1987) note that sedimentary iron and

manganese oxides are quantitatively very important scavengers of trace metals because of their

high specific surface areas, high negative surface charge, and high cation adsorption capacity
over the pH range of most natural waters. A number of studies have addressed the specific

adsorption of trace metals on Mn and Fe oxyhydroxides (e.g. Bdigtrieri and Murray, 1982,

1984, 1986), and it is clear from this work that the ditributions in sediments of a range of trace
metals including Cu, Ni, Zn, Cd, Pb and Mo are strongly influenced by the behaviour of the
oxide phases. In many cases, sedimentary concentration profiles of trace metas which
decrease with depth pardld those of the mgor oxides (eg. Cornwel, 1986). Such
digributions do not necessarily reflect recent anthropogenic influences but may instead be a
reflection of anatura diagenetically-produced oxide-trace metal association.

Iron and manganese oxides are characteridicaly recycled during early diageness in sediments
(seefor example Pedersen et d., 1986, and Carignan and Nriagu, 1985). Reductive dissolution
below the aerobic zone releases Mré+ and Fe2* to pore water, which supports an upward
diffusive flux of both ions. Oxides reprecipitate when the dissolved species encounter O, in the
aerobic zone, producing a stratum relatively enriched in manganese and iron. Under steady-
date conditions, this layer is subsequently buried and the cycle is repeated. This recycling
procedure usudly maintains solid-phase Mn and Fe enrichments near the sediment-water
interface (Figure3-2). The thickness of this oxiderich zone is, to a fird gpproximation,
inversly proportiond to the intendty of diageness in a given sediment column, and can
therefore be used as a rough indicator of the comparable diagenetic status of sediments from
different locations.

3.3.2 Authigenic Sulphides

Under anoxic conditions, hydrous oxides and oxyhydroxides are replaced by sulphides as the
dominant solid authigenic phases (see Section 34.1). The log solubility product (i.e. pK 9)
ranges from about 25 (ZnS) to about 53 (HgS), which implies that a large proportion of trace
metds dissolved in anoxic, sulphide-bearing pore waters should precipitate and be fixed in the
sediments as solid sulphide phases (Framson and Leckie, 1978).
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Dissolved iron precipitates readily as metestable FeS in the presence of H,S  This
monosulphide phase is common in sediments, and because it is known to form solid solutions
(Framson and Leckie, 1978), it is suspected that other metals are coprecipitated by FeS
(Gobell e d., 1987). The oolid phase activity of a trace med in
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a solid solution is a function of both its solid phase activity coefficient and its mole fraction
(Jacobs and Emerson, 1982), and is usually <1. This decreased solid-phase activity is
especidly important in governing the solubility of the minor component of the solid solution.
Stumm and Morgan (1981) note that the observed occurrence of metas in sediments formed
from solutions that agppear to be formaly unsaturated (ignoring solid solution formation) with
respect to the impurity can often be explained by solid solution formation. However, Jacobs et
a. (1985) used carefully measured fidd data as a bads for suggesting that chemica equilibrium
with an impure FeS phase is not the mgor process controlling the dissolved trace meta
concentration in sulphidic waters; ingtead they invoked the formation of pure, specific metd
sulphide phases as the probable leading control.

Pyrite forms in anoxic sediments following the reaction of FeS with eementa sulphur (Berner,
1964, and Rickard, 1969; equations (1) and (2)), or of ferrous iron with elementa sulphur or
polysulphide ions in the presence of dissolved sulphide species (Rickard, 1975, and Howarth,
1979; equations (3) and (4)), viz

Fe2* + HS = FeS + H* 1)
FeS+ S0 = FeS, )
Fe*+S2 +HS =FeS,+ S, + H* €)
Fe2* + 3 + H,S = FeS, + 2H* (4)

Davies-Colley et d. (1985) note that free sulphides and polysulphides can react more directly
through bacteridly catalyzed reactions with Fe and Mn oxides to produce poorly ordered,
black, fine-grained monosulphides via

2FeOOH + 3H,S = 2FeS + S, + 4H,0 (5)

The monosulphide phase may then react with eementa sulphur to form FeS, as in (2) above.
Hence, sulphides that diffuse into the oxide reduction zone may be oxidized by FeOOH (or
MnO,) to form & and pyrite. Because of its &bility to coprecipitate trace metds, pyrite is
thought to be asgnificant snk for metalsin anoxic sediments (Dyrssen, 1985).

3.3.3 Benthic Huxes

As noted earlier, oxygen is the primary oxidant in lacudtrine systems, in part because sulphate
occurs only in small concentrationsin fresh waters, unlike the case in seawater. Dissolved O, in
bottom water will diffuse into sediments aong the gradient of decressing concentration
established by consumption a or below the sediment-water interface. The quantity of oxygen
(or other oxidants) which can diffuse per unit time to a given depth below the interface (J,, in
pmol a2 sec'l) is governed by the steepness of the concentration gradient, dC/dZ (in umal
cnt4), sediment porosity (g, dimension-less), tortuosity (a measure of the tortuous path length
folowed by a diffusng molecule, determined by measuring the dectrica resdivity of wet
sediments and described by a dimensonless variable, F, the formation factor (Manheim,
1970)), and the molecular diffusion coefficient D, p)° which varies as a function of temperature
and pressure and is given in units of cn? secl. These variables collectively form Fick's First
Law of diffuson, viz

3,=-(D;1.p?/F)P(dCIZ)



In practice, estimation of the concentration gradient is complicated by the presence of a thin,

essentidly stagnant layer immediately above the interface (the diffusve boundary layer) in which
eddy diffusivity is zero and solutes move only via molecular diffuson. This zone is typicdly a
fraction of a millimetre to severa millimetres thick (Boudreau and Guinasso, 1982). The
difficulty inherent in estimating this thickness accurately limits the precison of al flux caculations
where concentration gradients are very steep, such as in sediments where anoxic conditions
prevail within severa millimetres of the interface.

Although oxidants will, in generd, diffuse into sediments, other condituents, including agueous
species regenerated from organic nitrogen and phosphorus and dissolved metds, will diffuse
upward if concentrationsin shalow pore water are higher than in overlying bottom water. Such
benthic effluxes are quantitatively important in the cycling of nutrients in many lakes (Holdren
and Armgtrong, 1980). Dissolved metals appear to diffuse readily into lacustrine sediments
where anoxic conditions occur a shalow depths (e.g. Carignan and Nriagu, 1985). This
phenomenon can be explained by the precipitation of minera phases such as ZnS, NiS and CuS
within the upper 1-2 cm of the sediments. Such downward fluxes and precipitation reactions
are believed to account for a substantia portion (on the order of 50%) of the accumulation of
Ni and Cu in the sediments of polluted shied lakes near Sudbury, Ontario (Carignan and
Nriagu, 1985) and of Zn in an acid lake in southeastern Quebec (Carignan, 1985). In contrast,
dissolved metd's concentrations in pore waters immediately below the sediment-water interface
of unpolluted coastd marine sediments are typicaly higher than in the overlying bottom waters.
In these cases, the sediments act as a source rather than a sink for metals (e.g. Pedersen, 1985;
Wedterlund et d., 1986), and reflect the release to solution of organicaly-bound metals as
organic matter near or a the interface is aerobicaly degraded. Diffuson from a near-surface
maximum characterigtically occurs in both upward and downward directions; the latter reflecting
low dissolved metas concentrations in the sulphidic zone a depth.

Sundby et d. (1986) and Westerlund et a. (1986) carried out a series of experiments on
benthic fluxes of metds which illuminate paticulaly wel the role of oxygen in governing
diagenetic release near the sediment-water interface. Although the experiments were performed
on shdlow (6 m), organic-rich, marine sediments, the results are fully gpplicable to lakes.
These authors used stirred benthic chambers in which the pH was kept constant by the addition
of NaOH and the oxygen content was either kept constant by the addition of O, via a capillary
or was dlowed to be depleted by benthic respiration. Under oxygenated conditions, which
probably extended to only a few millimetres depth, Cd, Cu, Zn and Ni were released to the
overlying water while Co, Mn and Fe were taken up. When the O, concentration in the water
was adlowed to fdl to zero, dissolved Cd, Cu, Zn and Ni concentrations in the chamber fell
sgnificantly, indicating uptake by the sediment, and Co, Mn and Fe were rdleased from the
sediment surface. Three main reactions gppeared to be responsible for the observed behaviour.
First, oxidative degradation of organic matter at the interface releases associated trace metds
to solution (probably much of the Cd, Co, Cu, Zn and Ni). Second, in the oxygenated
chamber, the high concentrations of Mre+ and Fe2+ initidly present were oxidized to form
particulate oxyhydroxides whose occurrence was apparently restricted to the top millimetre of
the sediments.  The precipitation behaviour in this experiment of both of these dements but
paticularly iron is consstent with the rgpid kinetics of oxidation a& neutrd pH (Stumm and
Morgan, 1981). Cobalt is readily scavenged from solution by FeOOH, which explains its
observed covariance with Fe2*. Although the other metals would aso be scavenged by the
oxyhydroxides, their lack of depletion in the chamber water while oxygen was present probably
reflected the dominance of addition from the presumed degrading organic source. Third, the
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decrease of the trace metals concentration when oxygen became deplete was ascribed to their
precipitation at very shallow depths as discrete sulphide phases. The concurrent release of Mn,
Fe and Co was attributed to reductive dissolution of oxyhydroxides as the redox potentid in the
upper millimetre or so of the sediments fl. These observations conform with the behaviour
predicted by the biogeochemical zonation theory discussed earlier, and demondrate quite
clearly that the presence or absence of oxygen is a fundamenta determinant of the behaviour
and distribution of dissolved meta speciesin agueous systems.

34  Application to Submerged Sulphide-Bearing Mine Waste Deposits

The theoretica framework of early diagenesis as it pertains to the behaviour of metals in natura
sediments, described on the preceding pages, is equally applicable to submerged mine tallings
deposts.  In this section we congder the role that diagenesis should play in governing the
mohility of metas in sulphide-bearing lacudtrine tailings and mine wastes.

3.4.1 The Oxidation Problem: Theory

As noted earlier, sulphide minerds are invariably only very sparsdy soluble, and under anoxic
conditions, they can be conddered to be stable phases. In the presence of molecular oxygen,
however, this stability is greatly reduced, to the extent that some sulphide mineras (e.g. FeS)
are readily chemicdly (i.e. abioticdly) oxidized. Such reactions yidd a range of dteraion
products which are typicaly amorphous oxyhydroxide phases, carbonates and sulphates  with
solubilities consderably higher than those of their precursor sulphides. Solubility products for
selected monosulphide minerds in freshwater (ionic strength, |, of zero) are listed for reference
in Table 3-2 dong with equilibrium solubility congants for oxides and hydroxides, carbonates
and hydroxide carbonates. Note thet it is not possible to compare the solubility constants of
sulphides with the other phases directly, given the differing reaction stoichiometries. It is more
indructive to compare the concentration of the free ions of the dissolved metds in solutions
which are in equilibrium with the solid phases of interest, asin Figure 3-3. Note that at a pH
of 6, and ignoring the formation of hydroxo meta complexes, the concentrations of Cd2+, Zn2+
and Cuw?* ae quite high, while that of dissolved Fe3* is extremdy low; this observaion
reinforces the fact that iron oxide phases are extremely insoluble in natural oxygenated waters, in
contrast to
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Table 32
Congants for Sdected Solubility Equilibria
Sulphides logK, 25°C,1=0
MnS(s) = Mn2* + S -135
FeS(s) = Fe2* + S -181
ZnS(s) = Zn?* + -24.7
CdS(s) = Cd2*+ S 270
CuS(s) = Cu2*+s* -36.1
PbS(s) = Pb2+ + S -275
HgS(s) = H92+ +S2- -52.7
Oxides and Hydroxides
A-FeOOH(s) + 3H* = Fe3* + 2H,0 *Kg = 05
(am) FEOOH(s) + 3H* = Fe3* + 2H,0 *Kg = 25
ZnO+2H* =Zn?* +2H,0 *Kg = 1114
(am) Zn(OH), + 2H* = Zn2* + 2H,0 *Kg = 1245
CuO(s) + 2 H* =Cu2* +H,0 *Kg = 765
Carbonates and Hydroxide Carbonates
Zn(OH)12(003)04(S) +2 H+ = Zn2+ +16 Hzo +04 COz(g) * pr = 98
ZnCO4(9) + 2 H* = Zn2* + H,0 + CO,(Q) Koo = 795
CU(OH)(CO3)g 5(9) + 2 H = Cu2* + 312 H,0 + 1/2 CO,(g) *Kpso = 649
PbCO4(s) = Po2* + COz2 Kg= -131
CdCO4(s) + 2H* = Cd?* + H,0 + CO, “Kosp = 644
MnCO5(s) = Mn2* + CO32 Kg= -104

Source: Stumm and Morgan (1981). Asterisked constants represent the original terminology in the tables of
constants published by L.G. Sillen and A.G. Martell, Stability Constants of Metal-lon Complexes,

Special Publications, Nos. 17 and 25, Chemical Society, London, 1964 and 1971.
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most other metal oxides. As pH decreases, solubility of al the solid oxyhydroxide phases
increases, a drop of one pH unit promotes a rise of roughly two orders of magnitude in the
concentration of dissolved metds. Similar congderations gpply to metal carbonate equilibriain
non-dkdine solution, and the solubility of hydroxide-carbonates, such as hydrozincite
(Figure 3-4).

A smple comparison illustrates the solubility contrast between sulphides and their oxidation
products. Consder, for example, ZnS and hydrozincite (Zns(OH)4(COs),). Ignoring complex
formation, and using solubility congtants from Stumm and Morgan (1981) and the specific
conditionspH =6, | = 10-24, T = 25°C, total dissolved CO, = 1035 M and P = 1 am., then
[Zn2*] in equilibrium with hydrozincite will be goproximatdy 106 M. In a Smilar but anoxic
solution, with [totdl H,S] = 106 M (a lower concentration than is typically encountered in
anoxic pore waters), a pK, for sphalerite of 114 (based on an equation of the form
([Zr2f)[HS]/[HY], as formulated by Jacobs et al., 1985), the concentration of Zn2+ in
equilibrium with ZnS will be aout 1012 M, some sx orders of magnitude less than that for
hydrozincite. Clearly, the presence of sulphide in solution will establish extremely low dissolved
meta concentrations in mogt cases, unfortunately, much higher metd levels will characterize
oxygenated waters in contact with sulphide oxidation products.

3.4.2 The Oxidation Problem: Practice

In generd, oxidation in naturd sediments is inhibited where rgpid accumulation is accompanied
by a high organic matter content. As noted above, because the concentration of dissolved O, in
water israther low, the available oxygen in pore waters will be rapidly depleted given arespiring
bacterid community and a linear sedimentation rate high enough to remove newly deposited
sediments reasonably quickly from diffusive communication with overlying bottom water. Thus,
the combination of a high organic load and rgpid sedimentation will ensure the establishment of
anoxic conditions a shdlow depths and prevent the oxidation of deposited or authigenic
sulphide minerds.

One other mgor factor which bears on the potentia for oxidetion of talings is grain size.
Because it is dedrable to limit the surface area of sulphide particles exposed to oxygen during

and after deposgition in lakes, amean particle Sze as large as possble is preferred; however, this
must be baanced by metdlurgica feesbility.
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Oxideation of submerged tallings and mine wastes and release of contained metas would be
entirely prevented if such materids could be deposited in lakes or fjords which contained anoxic
bottom water; such environments are rlatively rare, however. In oxygenated basins, it is clear
that rapid verticd accumulation of tailings or waste rock is preferable to laterd digpersion given
the need to limit the flux of oxygen into the deposits. Similarly, the admixture of organic metter,
derived ether from codepogtion of natural organic detritus, or by purposeful addition, will
promote desired rapid oxygen consumption.

Most lakes are floored by sediments which are naturdly anoxic a shdlow depths. Thus,

following cessation of tailings or waste rock discharge, it is a reasonable expectation that the
deposits will be covered by an accumulating veneer of naturd sediments which will act as a
permanent protective barrier to oxidation. The time that elapses between the cessation of
discharge and the development of an oxic-anoxic boundary in the accumulating cover layer will

depend on the locd character of sediment deposition in the recipient basin.

3.4.3 Specidion of Metalsin Natura Waters

Speciation refers to the distribution of a trace dement over the suite of complexing inorganic and
organic ligands present in natura waers.  Underdanding impacts on biota requires
condderation of this phenomenon given the rdatively recent recognition that it is not the totd
amount of ameta pollutant in aquatic sysemsthat is most important but rather the concentration
of biologicdly available species of the metal (e.g. Sunda and Guillard, 1976; Lewis and Cave,
1982).

Significant ligands for trace metds in aerobic waters include OH-, Cl-, CO32-, HCO3-,
S042-, organic molecules and macromolecules, surface dtes, and to a lesser extent,
phosphorus and silicate species and NO3- (Bourg, 1988). Reduced or intermediate sulphur
Species are additiondly important in anaerobic environments.  In freshwaters, in which the
concentration of inorganic ligands is quite low, the complexing capacity varies quite widdy,
largely as a function of the concentration of dissolved organic matter and the presence of
particulate phases. Complexed metas can exigt in true solution, in association with colloids, or
adsorbed onto particle surfaces (Figure 3-5).

The complexing capacity of sediments is reatively high because of the enriched content of
dissolved organic carbon compounds (largdy humic and fulvic acids) in pore waters
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and the presence of abundant particle surfaces. Stumm and Morgan (1981), Solomons and
Forstner (1984), and Bourg (1988) describe speciation models for metals in natura  waters
which take into account the rdative affinities of ligands in solution and on surfaces. One
example is shown in Table 3-3. Note in this modd that for metds such as Cu, there is
congderable contrast between the complexing ability of citrate (high) and glutamate (low), and a
widely different degree of complexation of citrate of Cu compared to Ag. Note aso that
complexes of metals with inorganic ligands are in general quantitatively unimportant in the fresh
water modd because the mgor cations occur in low concentrations; only CO32- plays a
ggnificant role (Table 3-3). The addition of ardatively strongly-complexing organic ligand such
as citrate reduces the proportion of Cu complexed by CO32- by a factor of 500 (10-9.7 M
versus 10-7 M). Clearly, specidion in interditid and lacustrine waters will be a complex
function of the concentration and type of inorganic and organic ligands and particulate metter
present, pH, total meta concentration, the redox state, and the flow rate of solution through the
aquatic system (Bourg, 1988). This complexity has been addressed in previous and extant
computer modes (e.g. Mantoura et a., 1978; Turner et d., 1981), and in laboratory studies of
meta partitioning in freshwater sediments (Tesser et d., 1979, 1982; Rapin et d., 1986). The
empiricad sudies have highlighted the inherent varigbility thet is characterigtic of metd peciation
and partitioning in natura sediments. It is not yet clear, however, to what extent the results of
these predictive and empiricd studies can be gpplied in assessments of impacts of pollutant
metals on biota; much work remainsto be done in this area.



Table 3-3

Equilibrium Model: Eﬂ‘ect of Complex Formation on Distribution of Metals in Aerobic Waters

Fresh Water
inorganic fresh water, pH = 7.0, 25 ° C, free ligands:
pSO . 3.4 pHCOa 3.1 pOO3 6.1;pCl 3.3

Inorganic fresh water plus 7 x 10 moi titre™ of eaeh of the indicated organic ligands
eorrespondmg t02.3mg litre”' of soluble organic carbon®. inorganic ligands remain unchanged.

% Major Organic Complexes™®
Major Free Inorganic Free  Acetate _ Citrate Tartrate Glycinate  Glutamate  Phthalate
M , M°.r Free M Species fon Free M Species Ligand 5.16 6.91 5.34 5.16 5.16 5.30
Ca 27 272 CaHCO 46 95 272 CaHCO,, 4.6 7.0 5.2 56 9.1 86 5.7
Mg 37 372 MgSO,, 5.1 95 372 MgSO,, 5.1 8.0 7.0 7.1 8.0 9.1 -
Fe(l) Satd. 17.70 Fe(OH),, 87 Viow 17.73 Fe(OH),, 8.7 19.0 7.2 - 15.1 - -
Ma(l) 7.0 7.04 MnSO,, 85 91 | 704 MnSO,, 8.5 1.3 9.7 - 1.5 11.1 -
Cu(ll) 7.0 7.46 CuCO,, 7.2 35 9.93 CuCO,, 97 . 13.1 7.0 11.3 9.4 . 94 1.4
Zn(ll) 67 6.72 ZnSO,, 8.2 95 672 ZnS0,, 8.2 10.3 105 89 96 8.6 9.1
Cd(i) 7.7 7.73 CdSO,, 9.2 93 7.76 CdsO,, 9.2 11.5 9.2 9.6 11.5 10.3 9.7
Pb(Il) 7.0 8.02 PBCO,, 7.1 8.5 8.04 PbCO,, 7.1 11.0 89 88 10.1 - 9.2
Agl) 9.0 9.19 AgCl, 9.5 65 9.19 AgCl, 95 138 17.5 - 133 - -
%' 15 98.2 35.2 0.3 04 29.0

Organic matter of approximately composition C ; 3H 1_,O s 2N

All concentrations are given as - log (mol litre™ ) Chirges of species are omitted.

©  Total concentration of metal species. The concentrations of heavy metals given are higher than those typically found in unpolluted seawater or fresh water. The relative effects
of complex formation as trace elements are independent of the total concentration of these elements; waters are in equilibrium with Fo(OH) (s).
The concentrations refer to the sum of all complexes, for example, CuCit, CuHCit, CUCIt
A dash means that no stability constants are avallable for such complexes.

' Percentage of each ligand bound to metal ions,

After Stumm and Morgan (1981).




Report Lis

Chapter 4

The preceding sections described contemporary understanding of the acid mine drainage
process and how subagueous digposd might be used as a means of mitigating the problems
asociated with it.  This section discusses the potential biologicd impacts of subagueous
disposd of reactive mine wades in a freshwater environment. Impact on macrobiota is
addressed with respect to species specific effects of turbidity and sedimentation on various
biologica parameters, toxicity, and the potentid for bicaccumulation and biomagnification. In
addition, theimplications of limnology to Ste selection are considered.

It isimportant to note that the biological impact of disposing mine wagtes into freshwater varies
with the sudy organism, the physcd and chemicd nature of the waste, and the limnologica
characteristics of the receiving waters. In addition, the biota of these waters are not dways the
passive victims of deposited materids. Some organisms re-work the sediments thereby dtering
the physicd and chemica nature of the microhabitat and its suitability for other life forms. These
congderations are aso incorporated in the following discusson.

4.1  Microbiology

A search of the literature indicates that there is very little published materiad on the microbiology
of mining wastes following subaqueous depogtion. In addition there is little ecologica
information on the two groups of micro-organisms of primary interes in such dtudions the
sulphide oxidizers and the sulphate reducers.

Kaavaiko (1978) in his review of the microflora of land micro-environments, reports that
various authors have found that many and diverse micro-organisms are present in the products
of rock degradation. Many require a source of carbon for growth (the heterotrophs) while the
autotrophic organisms obtain their energy for growth by the oxidation of reduced forms on
nitrogen, sulphur and iron.

Ore deposits, being a source of both reduced sulphur and iron compounds, are an excellent
ecologicd niche for members of the genus Thiobacillus as wel as gmilar types of
micro-organisms such as those cited by Karavaiko which can oxidize Sb+3, Co+3, and As+3.



4.1.1 Sulphide Oxidizers

The most important organism relative to microbiologica dteration of sulphide bearing materids
is Thiobacillus ferrooxidans. This organism, which was discovered in the acidic drainage from
cod minesin Pennsylvaniain 1947 (Colmer and Hinkle, 1947; Colmer et al., 1950; Temple and
Colmer, 1951), is characterized as an authotrophic, motile, aerobic, gram negative rod. It
usually measures 0.5 by 1.5-2.0 microns and is capable of oxidizing ferrous iron, thiosulphate,
sulphur and metalic sulphides (McGoran et d., 1969) to obtain energy for growth while usng
oxygen as the find eectron acceptor. It uses carbon dioxide as its sole source of carbon and
requires an environment with an acidic pH.

The literature refers to two other organisms, Ferrobacillus ferrooxidans (Leethen et al., 1956)
and Ferrobacillus sulfooxidans (Kinsel, 1960), which have the same characteristics, but most
researchers consider them al to be the same organism (Hutchinson et ., 1966).

In this report, reference to T. ferrooxidans includes al the acidophilic thiobacilli capable of
oxidizing metalic sulphides and ferrousiron.

Other thiobecilli are frequently cited as being associated with the microbiologica leaching
environment but they cannot oxidize ferrous iron.  Thiobacillus thiooxidans has very smilar
characteritics to T. ferrooxidans but it cannot oxidize iron nor can it oxidize metalic sulphides
with the exception of sodium sulphide (Unz and Lundgren, 1961).

T. ferrooxidans has minima requirements for growth. It obtains energy from the oxidation of
reduced sulphur and iron compounds. It requires CO2 as a carbon source, NH4+ for the
formation of cellular proteins, phosphate for the formation of adenosine triphosphate (ATP),
other trace nutrients for various cellular components, and oxygen as the ultimate electron
acceptor.  Oxygen and the various inorganic nutrients are normaly present in ample supply in
the environment associated with terrestrid ore bodies.  Ammonia nitrogen may be limiting,
dthough there isa prellml nary report in the literature that suggests the organism may be able to
fix atmospheric nitrogen (Mackintosh, 1971).

T. thiooxidans has very smilar characteristics except that suggests it only utilizes sulphur or
thiosulphate as its energy source. It cannot oxidize the metalic sulphides or iron found in ore
bodies (Unz and Lundgren, 1961).

Both T. ferrooxidans and T. thiooxidans are extremely acid tolerant; pH vaues of less than
1 have been generated frequently in culture laboratory studies at B.C. Research. The upper
limit for sulphide oxidation by T. ferrooxidans is around pH 4, whereas sulphur oxidation has
been found to occur at pH 5 (McGoran et d., 1969). The upper limit for sulphur oxidation by
T. thiooxidansisaround pH 7. The upper limit for the oxidetion of ferrous iron by the former
organiam is difficult to determine since the auto-oxidation of this iron is extremey rapid above
pH 3.5. In generd, the most favourable pH range for growth is 2-3.

In spite of its acidophilic nature and the low pH range for oxidation of its two man energy
sources, it isknown that T. ferrooxidans will survive for extended periods of time at a pH of 8.
Studies showed that the organism survived for 24 hours at pH 9, but no viable organisms were
found after 48 hours at that pH.

Mogt drains of T. ferrooxidans have an optimum temperature in the range 28-37°C. In
B.C. Research sudies it would not survive a 45°C. The rate of activity of the organism drops
off as the temperature decreases below 28°C. Oxidation rates are very dow below 5°C.

As mentioned above, oxygen is the ultimate eectron acceptor and the reduced oxygen
combines with the oxidized sulphur to yield sulphate. Two moles of oxygen are required for
every mole of sulphide oxidized, thus the rapid oxidation of sulphides requires sgnificant
oxygen.



The other gas required by the bacteriaiis carbon dioxide. For al intents and purposes thisis the
organism's sole source of carbon. It can assmilate other sources of carbon but it is unclear if it
is truly cgpable of growth usng carbon compounds as an energy source. Normaly, the
availahility of carbon dioxide will not be a growth limiting factor.

T. ferrooxidans is not inhibited by high concentrations of most heavy metas. In udies a
B.C. Research, concentrations as high as 62 g/L copper, 120 gL zinc, 26 g/L nickd and
20 g/L arsenic have been tolerated. Two metds that have been shown to be toxic are
molybdenum (100 mg/L) and uranium (1100 mg/L). In both cases, the toxicity appears to be
due to the fact that these metals occur as cations a the acidic pH vaues preferred by the
organism. Other anions toxic to T. ferrooxidans are chloride and nitrate.  Anions, with the
exception of sulphate, are generaly found to be inhibitory.

As shown by the above brief summary, T. ferrooxidans occupies a rather unique ecologica
niche. This niche is rdaively easy for the organiam to develop and maintain in the terrestrid
environment. Even in dkaline hogt rock, the organism can attach itsdf to an exposed sulphide
surface (as long as it is moist), obtain the oxygen it needs and initiate oxidation in that micro
environment. The acid generated maintains the desired conditions and then gradualy neutraizes
the surrounding akaline rock thereby expanding the size of the desirable environment. As more
sulphide is exposed to the acid environment, the process accel erates.

In the subaqueous environment represented by a lake bottom or a sea bed, however, it is much
more difficult, if not impossible, for the bacteria to establish a micro-environment.  The amount
of oxygen avalable is severdy reduced. On land, ar containing 20% oxygen is normdly in
contact with the thin film of moisture in which the bacteria are located. Under water, oxygen
availability is inhibited by the limited solubility of O2, the depth of the water column and by
competing oxidative processes. Oxygen transfer thus becomes a rate-limiting step.

In addition, in the subagueous environment the micro environment is not isolated but is
congtantly subject to dilution by the mass of the surrounding water. Even if there were no active
currents which would cause rapid dilution, the diffuson of acid out of the micro-environment
would be more rgpid than the diffuson of oxygen into the environment given the very high
diffuson coefficient for protons. As stated above, it takes two moles of oxygen (ignoring any
oxygen required for iron oxidation) to produce one mole of sulphuric acid (which is equivaent
to two moles of hydrogenions). It isunlikely, therefore, that the concentration of hydrogen ions
will ever accumulate to a leved that causes a drop in pH sufficient to accelerate microbiologica
activity.

Another inhibitory factor in seawater is chloride ion toxicity. Laboratory Sudies at
B.C. Research have shown that norma bacterid leaching of meta's occurred when the medium
contained 10% seawater, reduced leaching occurred at 25% seawater, but no leaching was
evident at 50% and 100% seawater. Based on these results, it was concluded that the normal
terredtria srainsof T. ferrooxidans are unlikey to oxidize sulphide minerds when the sdinity
exceeds 13 ppt.

To the best of our knowledge, strains of T. ferrooxidans have not been isolated from seawater.
Marine thiobacilli have been isolated, however, (Tilton et al., 1967) and they are considered to
be digtinctly different from nonterrestriad types. In addition, severa of the strains isolated were
capable of oxidizing H2S (Adair and Gunderson, 1969).

4.1.2 Sulphate Reducers

The other group of micro-organisms associated with subaqueous disposa of mining wastes that
have a potentid influence on the environment are the sulphate reducing bacteria.  These
organisms are responsible for dissmilatory microbid sulphate reduction, a process in which
sulphate is used as the dectron acceptor in the oxidation of organic matter. This reduces
sulphur from the +6 oxidation state to sulphide (-2 oxidation state). Although the Desulfovibrio



are the most commonly studied organisms of this type, Desulfotomaculum dso have this
capability (Miller and Hughes, 1968).

Desulfovibrio are samdl, gram negative, curved rods which are drict anaerobes. They are
moatile by means of a angle polar flagellum and grow in both fresh and seawater at natura pH
vaues.

Theinteraction of Desulfovibrio with mining wastes is based on its ability to generate sulphide
ions which interact with metds to form insoluble sulphides. It requires significant quantities of
organic matter to drive its metabolism; however this component is normaly lacking in mining
wades. Another key factor is the need for an anaerobic environment. It is unlikely, therefore
that both T. ferrooxidans (an aerobe) and Desulfovibrio desulphuricans (an anaerobe) will
be active at the sametime. The environment will favour one or the other.

4.2  Macrobiologicd Effects

The possibilities and problems of aquatic disposal of mining wastes have received considerable
attention in Canada for a number of years. Indeed, in the mid-1970's there was a flurry of
publications dedling with environmenta and biologicd implications of such practices. Clark
(1974) made a comprehensive review of the effects of effluents from metd mines on aquatic
ecosystemns in Canada and provided toxicity information on some 47 components of mining
wadtes on the biota of receiving waters, including plankton, benthos and fish. Effects of specific
toxicants such as arsenic, cadmium and copper dso were given specid attention at that time
(Penrose, 1974; Ray and Coffin, 1977; Black et d., 1976). Harvey (1976) noted in his report
on aquatic environmenta quaity in Canada, that despite the many problems with tailings ponds,
onland disposd was preferred over direct dumping of mine wastes into the aguatic
environment. As an example, Harvey (1976) cited the long-term disposa of tailings from one
mine on Lake Superior (Reserve Mining Co.) which introduced more than five times the solids
entering the lake naturally through shore erosion and riversinpuit.

Macrobiologica effects, separated for editorid convenience (but not functiona significance)
from microbiologica effects, may be placed into four mgor categories: turbidity, sedimentation,
toxicity, and contamination. Each isdiscussed in turn.

Impacts related to turbidity include the biological effects of reduced water transparency on
primary and secondary production as well as effects on respiration, feeding and other behaviour
of water column organisms in both "standing” (lakes, reservoirs, ponds) and flowing waters.
Sedimentation effects embrace phenomena associated with settling and smothering of benthic
organisms on lake and river bottoms.  The discusson on toxicity will include a wide range of
lethal, sub-lethd and behaviourd effects of trace metds or acid-generating materids on
freshwater biota. Under the heading contamination, the uptake and bioaccumulation of trace
metas will be consdered, as wdl as their biomagnification; especidly by induson of metdsin
short, direct food web linkages.

Finaly, because the effects of aquatic disposa of mining wastes can vary so greatly depending
on the type and conditions of receiving weters, it will be necessary to comment briefly on some
sgnificant interactionsin this area.

4.2.1 Turbidity Effects

Many inland waters of Canada were subjected to much higher leves of turbidity during late
phases of deglaciation than occur today, so the biota have had along evolutionary history with
turbidity in this area.  Despite this, the possibilities for adaptation are not grest. Hence long-
term changes in turbidity usualy result in mgjor changes in Species compaosition and abundance.
Effects on primary producers are expressed mainly, but not entirely, through reduction in light
penetration by high turbidity; in lakes (Wetzd, 1983), and dso in rivers such as the Fraser
(Northcote et d., 1975; Northcote and Larkin, 1988). In addition to particle concentrations,
particle shape can have important consegquences; in particular the scouring action of suspended



particles on periphyton (attached dgae) in streams and rivers can be greater if the particles are
derived from crushed rock in mining operations rather than from natura dluvid sediments.
Furthermore, the respiratory and filter-feeding structures of many planktonic as well as benthic
invertebrates are hampered by high suspended sediment levelsin lakes and streams.

The acute and chronic effects on fish of long-term exposure to suspended sediment are well
documented (Walen, 1951; Hebet and Merkins, 1961; Vinyard and OBrien, 1976;
Noggle, 1978; Sigler, 1981; Gardner, 1981; Crouse et d., 1981; McLeay et d., 1987; Servizi
and Martens, 1987). Even reatively brief exposure (minutes to hours) to suspended sediment
levels over a few hundred mg-L-1 can cause sgnificant mortdity in some salmonid fishes, and
longer exposure (severd days) a levels in the range of a few thousand mg:L-1 can produce
obvious gill damage and severe mortdities (often >50%) in rainbow trout. Moderate increases
in turbidity often cause an increase in ventilation and oxygen consumption rates in fish (Horke
and Pearson, 1976) and though there may be no severe mortdity as a result, there are energy
cods involved. Turbidity effects that are negative to some species (eg. sdmonids), may be
positive to others, such as cyprinids (Gradall and Swenson, 1982). Some species such as the
arctic grayling can survive well given high suspended sediment levels, but may show signs of
gressin other physiological and behavioura interactions (McLeay et d., 1983; 1984). Similar
effects have been reported for yearling coho sdmon and steelhead trout (Redding et al., 1987).
Exposure to short-term (1 hour) pulses of suspended sediment can result in territorid
breskdown, reduced feeding ability, and increased gill-flaring (“cough” response) in stream-
dwelling young coho sadmon (Berg and Northcote, 1985). Indirect effects of suspended
sediment on fish, especialy salmonids, include reductionsin growth rate and delays in migration.

4.2.2 Sedimentation Effects

The blanketing of lake or stream bottoms by sediment, if continuous, inhibits colonization and
production of periphyton and would likely have smilar effects on macrophytes. The food
supply (benthic adgae) to many forms of benthic invertebrates may thus be reduced by
smothering, and the habitat for epifauna forms which utilize spaces between rocks or other
bottom materids may aso be degraded. Infaund groups such as aguatic earthworms may not
be affected however. Stretches of sand or other fine sediment deposited in streams may
impede or block upstream movement and hence colonization of stream insects (Luedtke and
Brusven, 1976).

Perhgps some of the most serious detriments of sedimentation on sdmonid fishes are effects on
egg and devin developing in dream or lake gravels, and on fry emerging from these rearing
habitats. Changes in surviva are directly rdated to the amount of fine particle Sze materids (<
~1-3 mm) which areincluded in the spawning gravel. Rdaively smdl changes in the amount of
fine materias can have large effects on survival. For example, levels of about 5% by volume in
spawning gravel have little effect on surviva of pink sdmon eggs, but levels of 10% can reduce
it by up to 50%. Emergence of sdmonid late-devins or fry from rearing gravels may be greetly
inhibited by sedimentation and mortaity at that stage can be severe.

Sedimentation can aso have indirect effects on fish, mainly by dteration and reduction in cover
which thereby increases their predation risk (see for example Alexander and Hansen, 1983).

4.2.3 Toxicty Effects

As noted previoudy, there are nearly 50 components in mining wastes which can have toxic
effects on biota in recelving waters (Clark, 1974). Only some of the more important and
common of these are reviewed here with their acute and chronic effects on surviva as well as
thelr sub-lethd, physologica and behaviourd manifestaions. To fadilitate later location of the
information available, the components covered will follow the sequence: acid mine waters and
auminum (by themsdlves or together), arsenic, cadmium, chromium, copper, cyanide, iron, lead,
mercury, nickd, tin, zinc, and mixtures (organized under the biotic groups. phytoplankton,
periphyton, macrophytes, zooplankton, zoobenthos and fish). No attempt was made to cover




effects on higher vertebrates. Laboratory, lake and stream (or river) results are included. For
details on many components, Chapter 3 of the Canadian Water Quaity Guiddines (CCREM,
1987) should be consulted.

4.2.3.1 Phytoplankton

Lower phytoplankton cell dendty, production, and species diversity were recorded in two
northern Ontario lakes affected by acid mine wastes, compared to an unaffected one (Johnson
et d., 1970), but possible interactions with duminum were not measured.  Aluminum can have
direct toxic effects on phytoplankton in concentrations as low as 135 pg-L-1 (Bohm-Tuchy,
1959), but in acidic waters may act through phosphorus limitation as Naewgko and Paul
(1985) have shown in Ontario Precambrian Shied lakes where sgnificant decreases in
photosynthesis were demongtrated a an auminum concentration of 50 pg-L-1.

Arsenic, in the presence of high nutrient (N, P) concentrations, did not inhibit high agal biomass
in the tube experiments of Brunskill et a. (1980). Within the ambient concentrations used (<
160 pg-L-1), Conway (1978) found no detrimental effects on growth or on micronutrient
utilization for the planktonic diatom Asterionella formosa. Furthermore, Planas and Lamarche
(1983) found no effect of arsenic on phytoplankton communities developed under various
nutrient conditions. Interestingly, Baker et d. (1983) reported that arsenic methylation occurred
in mixed green dgd phytoplankton cultures, suggesting an additiond source for the formation
and cycling of organo-arsenic compounds in freshwater ecosystems. Vocke et d. (1980) noted
arsenic toxicity a levels ranging upwards from 48 pg-L-1 for Scenedesmus obliquus.

Cadmium is rapidly sorbed by the common planktonic diatoms Asterionella formosa and
Fragilaria crotonensis, actively by the former but passively by the later (Conway and
Williams, 1979). As concentrations were increased in the 2-9 pg-L-1 range, the growth rate of
the former decreased (Conway, 1978; Conway and Williams, 1979) but was unchanged in the
|atter.

Although copper has long been known to be toxic to phytoplankton at very low concentrations,
for example in the 10-10 to 10-12 M range (Stumm and Morgan, 1981), there are suggestions
that secretions of complexing ligands by some agae can amdiorate such toxicity (Van den Berg
et a., 1979). For the blue-green phytoplankter Aphanizomenon flosaquae, Wurtshaugh and
Horne (1982) have shown a linear inhibition of N and C fixation as well as pigment
accumulation between 10 and 30 pg Cu-L-1.

Zinc concentrations in the 10-20 umol-L-1 affect growth of Chlamydomonas variabilis with
important interactions with phosphorus and pH (Bates et a., 1983, 1985; Harrisonet dl.,
1986).

Synergidic effects of metd mixtures on phytoplankton are now darting to be examined
(Wong et al., 1982).

4.2.3.2 Macrophytes

Aluminum concentrations of 2.5 mg-L-1 brought about a 50% reduction in root growth of
Eurasan milfail (Myriophyllum spicatum) at a pH near neutraity (Stanley, 1974).

The Northwest Miramichi River sysem of New Brunswick has been affected by copper-zinc
mining pollution since the early 1960's (Besch and Roberts-Pichette, 1970). After an eight year
period, mine water discharges serioudy reduced or diminated the riparian vascular flora
Submerged macrophytes were the most senditive group with the horsetail Equisetum arvense
the least sengitive species.

Revegetation of 32 year old tailings in Mandy Lake (Hamilton and Fraser, 1978), rich in
sulphides, took place by sedges (Carex spp.), riverweed (Podostemun ceratophyllum) and
spike rushes (Eleocharis spp.), whereas macrophyte species in areas away from the tailings
were more diverse; mainly cattails (Typha latifolia), yellow pond lily (Nuphar variegatum),



water smartweed (Polygonum amphibium), bullrushes (Scirpus spp.) and pondweeds
(Potamogeton spp.).

4.2.3.3 Zooplankton

Toxic effects of duminum, in combination with acid waters, often appear & concentrations
below 1 mg-L-1 (Biesinger and Christensen, 1972; Shephard, 1983; Havas and Likens, 1985;
Arts and Sprules, 1987; see dso CCREM, 1987). Although estuarine zooplankton are
resstant to relatively high arsenate concentrations (up to 100 pg-L-1), indirect effects may be
much more severe (Sanders, 1986).

Cadmium appears to be especidly toxic to zooplankton with levels as low as 10-85 M
showing effects on Daphnia (Stumm and Morgan, 1981). Population decline and reproductive
depression have been reported in the 0.2 to 4ugL-1 range (Marshdl, 1978; Marshdl and
Méellinger, 1980; Marshall et al., 1981) but the effects were decreased at low pH (Lawrence
and Holoka, 1987).

During malt, Daphnia pulex has a sgnificantly higher mortality when exposed to chromium a
0.56 mg-L-1 (Lee and Buikema, 1979).

Toxicity of copper for Daphnia magna put the adult 3-week LC;, at 0.044 mg-L-1 and a
50% reproductive impairment at 0.035 mg-L-1 (Biesinger and Christensen, 1972), but both are
increased to 0.26 mg-L-1 when 2 mg-L-1 of the chelator NTA is added (Biesnger et d.,
1974). Winner and Farrel (1976) give chronic toxicity values of copper for four species of
Daphnia.

Synergism of toxicity in multimeta mixtures has been known for some time in freshweter
organisms (Anderson and Weber, 1975) and has been clearly demongtrated in freshwater
copepods, primarily Cyclops spp. (Borgmann, 1980).

4.2.3.4 Zoobenthos

Sgnificant (37%) mortdity of chironomid larvae (Tanytarsus dissimilis, second and third
ingtars) occurred at auminum concentrations of 0.8 mg-L-! a pH 6.8 (Lamb and Bailey, 1981).
Effects of cadmium were reported for lakes (Andersson and Borg, 1988) and streams
(Stephenson and Mackie, 1988). Toxic effects of copper in relation to pH have been examined
for two species of amphipods by de March (1979, 1983). Earlier studies on copper effects
include those of Arthur and Leonard (1970) and Peterson (1978). Clements et d. (1988) have
recently shown that experimenta stream results of copper and zinc toxicity compare well with
field results.

Lead concentrations as low as 19 pg-L-1 provided sgnificant increases in snall (Lymnaea
palustris) mortaity but not growth rate (Borgmann et al., 1978). Mercury exposure reduced
atificid stream biomass and diversty (Sgmon et d., 1977). Other effects of heavy metals on
sream surviva and community structure of insects are given by Hal et a. (1988), Winner et d.
(1980) and Burton and Allan (1986); see dso Havas and Hutchinson (1982) and Waterhouse
and Farrell (1985). Acute toxicities to amphipods of binary mixtures of metas are considered
by de March (1988).

4.2.35Fish

More generd aspects of the toxic effects of mine wastes on freshwater fish have been reviewed
from the eastern to western regions of Canada (Elson et a., 1973; Elson, 1974; Somers and
Harvey, 1984; Alderdice and McLean, 1982). A variely of physologica and behavioura
effects have been suggested, including atered chemoreception (Hara, 1972, 1981; Brown et
al., 1982), spermatogeness (Cochran, 1987), bone development (Hamilton and Reash, 1988),



fecundity (Reash and Berra, 1986), temperature selection (Peterson, 1976), verticd positioning
(Scherer, 1976), and susceptibility to bacterid infection (Pippy and Hare, 1969). Sengtive
indicators of meta pollution using fish have been suggested (Roch e d., 1982) as have the
interactions between genetic and environmenta factors in the development of resistance to such
pollution by fish (Swvarts et d., 1978).

Explanations for the decline or disappearance of some species of sdmonids from headwater
lakes and streams now include complex interactions between acidity, low cacium and toxic
auminum concentrations, as illugtrated for brook trout (Cleveland et d., 1986; Siddens et d.,
1986; Mount et d., 1988a, b). Changesin gill sructure dso areinvolved (Tietge et al., 1988).
Smilar or complimentary investigations are being conducted on other sdmonids such as
rainbow trout (Neville, 1985) and lake trout (Gun and Noakes, 1987).

Early work on toxicity of arsenic to fish was conducted by Alderdice and Brett (1957). Acute
toxicity of arsenic for severd freshwater fishes is in the 10-15 mg-L-1 range (CCREM, 1987)
but chronic toxicities are reported at much lower levels.

Acute toxicity levels for cadmium are in the 1-3 pg-L-1 range for rainbow trout, with dightly
lower chronic toxicity values. Both are inversdly dependent on water hardness (CCREM,
1987). Possibly because rainbow trout are the piscine equivaent of the laboratory rat, alarge
body of detailed physiological work has been done on this species with respect to cadmium
(and other heavy metal) toxicity (see for example Chapman, 1978a; Roch and Maly, 1979; Part
and Svanberg, 1981; Mgewski and Giles, 1981; Giles 1984; Lowe-Jinde and NUmi, 1986;
Reid and McDonald, 1988; Giles, 1988). Nevertheless there have been numerous studies on
cadmium toxicity in other sddmonids such as brook trout (Benoit et a., 1976; Sangalang and
Freeman, 1979; Hamilton et d., 1987a, b), Atlantic sdmon (Peterson et d., 1983; 1985), and
chinook salmon (Finlayson and Verrue, 1982). Effects on catostomids, i.e. suckers, (Duncan
and Klaverkamp, 1983; Borgmann and Ralph, 1986) and cyprinids have not been overlooked
(Pickering and Gdlt, 1972; Sullivan et d., 1978; McCarty et a., 1978; Houston and Keen,
1984; Andros and Garton, 1980).

In addition to the few references on chromium toxicity reported by CCREM (1987), the study
by Adelman et d. (1976) on two species of cyprinids should be noted.

Acute and chronic toxicity of copper seem to be reasonably well established for rainbow trout
(Harrison, 1975; Giles and Klaverkamp, 1981; CCREM, 1987) and other studies on this
gpecies have consdered effects on olfaction (Hara et d., 1976), bioenergetics (Lett et d.,
1976), hematocrit (Wawood, 1980), acclimation (Dixon and Sprague, 1981; Laurén and
McDondd, 1987a, b), avoidance (Giattina et d., 1982), and growth and surviva (Seim et d.,
1984). Nearly as wdl sudied are lethd and subletha effects of copper on Atlantic sdimon
(Sprague, 1964a; Sprague and Ramsay, 1965; Sprague, 1965; Sprague et a., 1965; Zitko et
d., 1973) aswdl asits effects in this gpecies on avoidance (Sprague, 1964b) and on migration
(Saunders and Sprague, 1967; Sutterlin and Gray, 1973). Similar studies on other salmonids
include those on brook trout (McKim et d., 1970; McKim and Benoit, 1971; Drummond et d.,
1973), coho sdmon (Wadichuk, 1976) and on sockeye samon (Davis and Shand, 1978).
Copper €effects on non-salmonids have been examined in striped bass (Bohammer, 1985), white
suckers (Munkittrick and Dixon, 1988), cyprinids (Mount and Stephan, 1969; Kleerkoper et
a., 1972, 1973; Tsa and McKee, 1980) and in anictdurid, i.e. catfish (Brungs et d., 1973).

For cyanide, acute and chronic toxicities as well as severd other effects and interactions are
covered in the literature cited by CCREM (1987). The studies by Broderius et d. (1977),
Kimbal et d. (1978), Leduc (1978), Kovacs and Leduc (1982a, b) provide useful examples.

In addition to the few studies on iron toxicity reported by CCREM (1987), those of Brenner et
d. (1976) on the common shiner and of Smith and Sykora (1976) on brook trout and coho
sdmon should be consulted.



Long-term effects of lead exposure have been described for brook trout (Holcombe et d.,
1976; see dso Dorfman and Whitworth, 1969) as well as its chronic and sublethal effects on
rainbow trout (Hodson et a., 1980; Sippdl et a., 1983; see dso Hodson et al., 1982). Blood
characterigtics of severd fishes have been used as an indicator of harmful exposures to lead
(Hodson, 1976a; Hodson et al., 1977, 1978; Schmitt et al., 1984).

Acute toxicity levels for forms of mercury have been reported for rainbow trout fry and
fingerlings (Wobeser, 1975; see also CCREM, 1987). Mercury is sad to block taste
responses in Atlantic saimon parr (Sutterlin and Sutterlin, 1970).

Many of the studies on copper toxicity reported previoudy, especidly those on brook trout and
Atlantic simon, dso provided information on zinc toxicity. Additiona work on zinc includes that
by Sprague (1968) and Hodson (1976b) for rainbow trout, effects on Atlantic sdmon (Hodson
and Sprague, 1975; Zitko and Carson, 1977) and on brook trout (Holcombe et d., 1979) and
sockeye salmon (Chapman, 1978b; Boyce and Yamada, 1977). Zinc is dso known to affect
the immunity of fish to vird and bacterid infection (Sarot and Perlmuitter, 1976) as well as ther
growth, sexual maturity and reproduction (Pierson, 1981).

Efforts to demondrate genetic selection for zinc tolerance in laboratory (flagfish) and wild
(common shiner) populations of fish were not successful (Rahel, 1981).

4.2.4 Contamination Effects

There is an enormous volume of literature on the uptake, bicaccumulation and biomagnification
of many metalic components originating from mine wadtes discharged into freshwaters, as well
as from naturd inflows. The study by Wagemann et d. (1978) provides an example for arsenic,
giving concentrations in the sediment, water and biota compartments. Allen (1986) reviews the
bioavailability and bioaccumulation of toxic metas in the biota of severd large Canadian lakes
and rivers. Examples of lead, mercury, nickd and tin accumulation in phytoplankton are given,
respectively, by Denny and Welsh (1979), Rudd and Turner (1983), Watras et a. (1985) and
Wong et al. (1984).

Metal contamination in aguatic macrophytes has been studied by Franzin and McFarlane
(1980), Marshdl et a. (1983), Campbell et a. (1985), and Andersson and Borg (1988).

Accumulation levels of severd metals in zooplankton are reported by Denny and Welsh (1979),
Watras et d. (1985), Bodaly et a. (1987) and Jackson (1988).

For the benthic community, bioaccumulation data for severa trace metds may be found in the
publications of Smith et d. (1975), Bindraand Hall (MS 1978), Rudd et d. (1980), Tesser et
a. (1984), Evans and Lasenby (1983), Van Duyn-Henderson and Lasenby (1986), Jackson
(1988) and Evans et al. (1988).

For fish, corrdations between sediment concentration of severd metds and that in fish from
severa Ontario lakes have been reported (Johnson, 1987). Cadmium uptake by fish has been
obsarved in severd systems (Atchison et a., 1977; Ramamoorthy and Blumhagen, 1984,
Andersson and Borg, 1988). Accumulation of chromium by fish (Buhler et d., 1977) and of
copper (Duthie and Carter, 1970) has been recorded. One of the mogt intensively studied trace
elements in respect to uptake by fish has been mercury (Gillespie and Scott, 1972; Uthe et dl.,
1973; Scott, 1974; Reinert et d., 1974; Laarman et ., 1976; McKim et d., 1976; Scherer et
a., 1976; Hartman, 1978; Huckabee et d., 1978; Phillips and Buhler, 1978; McFarlane and
Franzin, 1980; Rudd et da., 1980; Rodgers and Beamish, 1981, 1983; MacCrimmon et d.,
1983; Waczak et al., 1986; Hecky et d., 1987; Bodaly et d., 1987).

Zinc uptake by fish has been studied by Hodson (1975), Atchison et d. (1977), Ramamoorthy
and Blumhagen (1984), and Spry et al. (1988).

4.25 Recaving Water Conditions



The physica, chemicd and biologicd condition of waters proposed or being used for
subagueous disposa of mining wastes will have mgor implications on the suitability of such
systems for that purpose. Perhaps the first mgor consideration is whether or not the waters are
"standing” or moving, i.e. is the proposed Ste a lake, pond, reservoir or is it a stream or river.
Responses of these two magjor categories to subagueous disposal can be profoundly different.

The second mgjor condderation is the question of scae; largdy revolving around morphometric
features of the receiving sysem. The Sze of the recaiving weater in rdation to the quantity of
input is critical. In the case of lakes or reservairs, the surface area to volume relationships are
important but so are other morphometric features such as fetch, shoreline development, average
basin dope, and maximum depth. In a amdl lake, a high tailings input and sedimentation rate
can have severe impacts on biota and recreational use (Osborne, 1976). For rivers, another set
of morphometric parameters must be used including, for example, width, cross-sectiona area,
bank dope and maximum depth. The basin (lakes) or channd (rivers) morphometry will, in
pat, set the discharge characteridics, which will have mgor bearing on dte suitability.
Short-term, seasond as well as annua variation in retention time (or its converse; flushing rate)
must be considered for lakes and reservoirs, as must discharge hydrographs for rivers.

In lakes and reservoirs the existence, extent and timing of seasond dratification and mixing
patterns must be known as these features will profoundly influence disposa considerations. It
must be known therefore whether or not the lake is holomictic or meromictic, dimictic or
polymictic, and the depths, temperatures and other related features of the dratifications must
adso be known. For rivers, the mixing patterns are different but there may well be marked
cross-sectional and "sde’ differences to be conddered. Because rivers flow, does not
necessarily mean that mixing is indantaneous or spaidly locdized. Pollutant inflows into large
rivers often impart a"one-sdedness’ in characterigtics for kilometres downstream.

There are dso many chemicd parametersto consider. The non-mixing (monimolimnetic) waters
of meromictic lakes often are markedly different in chemica characteristics compared to the
overlying mixed (mixolimnetic) waters. There can be mgor differences, therefore, in dissolved
gases, minerds, dkainity, conductivity and sdinity, between upper and lower layers. These
differences can have mgor influence on the turbidity, sedimentation, toxicity and contamination
effects consdered previoudy. Even in holomictic lakes there can be great seasond differences
in the extent, depth and effectiveness of mixing and thereby in the chemica conditions noted
above.

Biotic interactions, whether at depth in the sediments, a the mud-water interface, in the water
column itsdlf, or a the water-air interface, can be of great importance in effecting meta toxicity
and contamination. The benthic infauna can effect mgor changes in minerd sedimentation,
dratification and availability within bottom depodits. Some benthic invertebrates such as mysids
(atype of freshwater shrimp) and chaoborids spend daylight hours as benthic feeders and rise
each night up to near-surface waters. Through feeding, vertica migration and predatory
interactions, they can act as concentrators and transporters of materials between bottom and
water column compartments of lakes. For example, certain heavy metds (zinc, lead and
cadmium) are transported via the verticd migration of Kootenay Lake mysds, which are
consumed by kokanee salmon (Evans and Lasenby, 1983; VVan Duyn-Henderson and Lasenby,
1986). A verticd migration of 30-40 m is not uncommon. Such metd uptake by fish suggests
only a very short food chain linkage to man. It seems clear that the community structure and
food web gructure of lake and river ecosystemns aso may play mgor roles in their functiond
processes, concentration or cycling of dements and thus in problems of toxicity and
contamination.
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Chapter 5

5.1 Introduction

A number of case sudies which ether have or are currently utilizing freshwater subagueous
disposd are outlined in Tables 5-1 and 5-2 and described below. The sites chosen represent a
range of ore types and recaiving environments. Not dl mines utilizing subagueous disposal
practices have data available which are adequate for understanding the impacts of tailings inpt,
dthough consderable monitoring data may exist. We have endeavored to include as much
detall as possble on the steslisted in Tables 5-1 and 5-2; however, as will become evident, in
many cases only limited information is available. Lake disposd a Brucgack, B.C. (Newhawk
Gold Minée's Sulphurets Property) is being considered for startup in 1989. Bearskin Lake at the
Golden Bear Project (Noramco/Chevron) was initidly consdered for lake disposal but was
subsequently regjected. Some information on these two projectsis dso included below.

5.1.1 British ColumbiaMine Stes
5.1.1.1 Babine Lake (Granide Mines)

Noranda Minerals Inc. acquired the Granide Mine and its operating and ancillary surface
fadlitiesfrom ZapataGranby Mining in the late 1970's. The mine is currently operating aong
with Bell Copper, and together the two mines form Noranda's Babine Divison. Granide is a
copper-minerdized porphyry deposit comprised of a centra bornite-chacopyrite zone grading
outwardly to chacopyrite; a pyrite halo surrounds the copper-rich zone.

The Granide Copper mine-mill operation ison McDondd Idand in Babine Lake, with talings
ponds occupying the area between McDonald Idand and Sterrett Idand to the south. The

mine-milling complex has a closed talings system with discharge to the sectioned-off area of the

lake and water recycled from the talings pond for reuse in the mill. The lake is monitored in the

area just off the No. 2 dam fronting east on the lake (between McDonald and Sterrett 1dand)

and the sttling dam, fronting west. A lake gtation, about 1 km offshore is monitored as a
control.
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Table 5-1
Selected Case Studies, Lake Disposal of Mine Wastes
Lake/Mining Company or Property OreType
British Columbia
Babine Lake
Granisle Mines (Noranda Inc.) Cu
Bearskin Lake
Noramco/Chevron Minerals Ltd. (Golden Bear Operating Co.) Au
Benson Lake
Cominco's Coast Copper Mine Cu
Brucejack Lake
Newhawk Gold Mines Ltd. Au
Buttle Lake
Westmin Resources (Western Mines) Ltd. Cu/Pb/Zn
K ootenay Lake
Cominco's Bluebell Mine at Riondel (east bank Pb/Zn
Dragoon Resources at Ainsworth (west bank) Pob/Zn/Ag
Pinchi Lake
Cominco Hg
Summit Lake
Scottie Gold Mines Ltd. Au
St Mary's River/K ootenay River
Sullivan Mine - Cominco Ltd. -
Canada
Fox Lake, Manitoba Cu/Ni in massive sulphides
Farley & Sherridon Mine
Garrow Lake, Little Cornwdllis Island, N.W.T. Pb/Zn
Polaris Mine/Cominco Ltd.
Mandy Lake, Manitoba Cu/Ag/Au
Mandy Mine/Hudson Bay M & S
Anderson Lake, Manitoba Cu/Zn/Pb
Hudson Bay M & S
Inter national
Silver Bay (Lake Superior, Minnesota, U.S.A.) Fe Taconite
Reserve Mining Co. (siliceous)

1. Formerly David Minerals.
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Table 52
Selected Case Studies, Flooded Pits and Shafts
Mining Company OreType
Endako Mines Division, Placer-Dome Inc. (flooded pit) Mo
Fraser Lake
Equity Silver Mines Ltd. (flooded Southern Tail pit) Ag
Houston
Phoenix Mine (decommissioned open pit) Cu
Greenwood
Cinola Gold, City Resources (Canada) Limited*
Queen Charlotte Islands Au

*Note: Projectsin conceptual stages.

Water qudity monitoring datafor 1976 are shown in Table 5-3. Anayses for samples taken off
the face of the two dams correspond closdly to those for the control station in the lake. Lake
water was only moderately dkdine, with rdatively low dissolved solids and low suspended
solids. All metal values were low, as was sulphate, and cyanide was not detected. Overdl data
indicate water of high quality. The pH range for samples taken adjacent to the dams was above
amilar vaues for the control dation; however vaues were Hill within the biologica range.
Increases in copper levels (over background) were evident in samples taken at the dam faces,
but again vaues were ill low.

The Bl Copper talings pond is in complete recycle with mill operations and ditches collect
seepage from the various dams for return to the pond. The company monitors water quality
parameters a three locations in Babine Lake, immediately offshore of the two mgor tallings
dams, fronting in the lake and in Rum Bay, and a third location some distance north, offshore
from the concentrator. Surface, bottom and mid-depth waters are monitored.

Typicd andyses are shown in Table 5-4. Andyticad vaues indicate a moderately akaine lake,

of high darity, with minima dissolved solids and
metds, both tota and dissolved, has indicated

paticularly low sulphate vaues. Monitoring for
low levels below the detection limits of the

andyticd methods. Arsenic and cyanide levels dso were low. In fact, andytica vaues for

individua parameters were

virtudly identical for al
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Table 5-3

Water Quadlity Characterigtics of Babine Lake

in the Environs of Granide Copper Operations

East of No. 2 Dam West of Settling Dam WRW g/fﬁtqﬂg;g bam
Ava. Range Ava. Range Ava. Range

Total solids % 66-170 83 58-120 77 58-140
Suspended Solids 9 1-36 4 1-15 3 111
pH 75 7085 77 7.1-83 74 7.217.6
Copper 0.023 0.005-0.050 0.014 0.005-0.030 0.008 0.004-0.p14
Zinc 0.016 0.001-0.025 0.008 0.001-0015 |  0.006 0.001-0.010
Iron 0.010 0.005-0.050 0.006 0.005-0.011 0.007 0.005-0.p12
Total cyanide <0.2 - <0.02 - <0.02 -
Sulphate 6 586.2 4 336 6 3183

Note: Unitsfor all values sh

own arein mg/L except pH.
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Table 54
Water Quality Charecterigtics of Babine Lake in the
Immediate Environs of the Bell Copper Mine-Milling Operation
Location
No. 1 Dam West of Concentrator Rum Bay (No. 3 Dam
Surface  Middle Bottom Surface  Middle Bottom Surface Middle Botto
pH 7.7 7.7 76 7.7 7.7 7.7 7.7 76 76
Dissolved solids (mg/L) 60 63 a7 70 66 70 55 65 62
Suspended solids (mg/L) 1 1 1 1 3 1 <1 <1 <1
Turbidity (JTU) 4.0 39 37 4.0 4.0 37 41 37 35
Qil and grease (mg/L) 24 21 18 27 18 32 26 32 22
Sulfate (mg/L) 3 2 3 3 3 3 3 3 3
Cu* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <00
Zn* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <001
Po* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <0.0]
Cd* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <001
Ni* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <0.01
As* (mg/L) <002 <002 <002 <002 <002 <002 <002 <002 <0.0j
Ag* (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <001
CNt (mg/L) <001 <001 <001 <001 <001 <001 <001 <001 <0.01

*Note: Valueindicated representsresultsfor both total and dissolved metals.

three stes and for each of the three depths at each ste. Overdl results do not indicate any

impact on lake water qudlity.

5.1.1.2 Bearskin Lake, Noramco/Chevron Minerals Ltd.

North American Metds Corp. and Chevron Minerds Ltd. are joint venture partners of the
Golden Bear gold project near Telegraph Creek. It is scheduled for production start-up in the
third quarter of 1989 and will use combined open pit and underground mining. The 360 tonnes
per day mill will use dry grinding, fluidized bed roasting and carbon-in-pulp cyanide leaching for

gold recovery.

The origina concept was for lake disposal of tallings, via a barge, into Bearskin Lake, dthough
perhaps not year round (Stage | Environmental Impact Assessment, Vals. 1, 3, July 1987).
Modelling and computer smulations indicated that Hg and Pb would periodically exceed water
quality guidelines. When Hg and Pb metd levels exceeded dlowable limits, the tailings would

be sent to on-land disposdal sites, which would aso be used during early operation.

The objectives for the maximum concentration of metasin the lake are:

Hg - 0lpglL

Pb - 5pug/L (published provincid objective set in other watersheds)

2 ug/L (federd guiddine)
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At the time of this report, the tallings digposal concept had changed to diminae any lake
digoosd of talings.
5.1.1.3 Benson Lake (Coast Copper Co./Cominco)

Cominco's Coast Copper mine, located near Port Hardy, B.C., exploited two underground
deposits - Benson Lake and Coast Copper. The mine operated from August 1962 to January
1973 when it closed down because of unfavourable economics. The tonnage mined over the
operating interva totaled 3.6 million tons.

Although rated a 750tpd, the mill often processed 850tpd. Copper concentrate was
produced from high grade ore (mean grade 2.02% Cu). In March 1963, a magnetite recovery
plant began operation to produce iron concentrate (64-65% Fe) from iron plant feed assaying
29% Fe. The iron plant shut down in September 1970 because sulphur content in the
concentrates exceeded specifications.

The mill discharged tailings under permit into Benson Lake. Terrain congraints precluded land
disposd into a conventiona impoundment. Figure 5-1 shows Benson Lake bathymetry, Secchi
disc gations and the initid tailings discharge location. A typica mineraogica compodtion of the
tallingsisliged in Table 5-5. From Table 5-5, the sulphur content of the tailings is etimated to
be approximately 1%.

According to reports by DOE/Fisheries Service and Environment Canada/EPS-PR, excessive
turbidity was an immediate and lingering problem throughout the mine's operation (Benson Lake
Monitoring Data (pH, Clarity/Secchi, turbidity), 1961-68). The tailings contained a dow-
ettling colloidd fraction that the Cominco and government reports did not identify.
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Table 5-5

Edtimated Minerds Compostion for Coast Copper Mine Tailingst

Estimated Percentage
Mineral inthe Tailings
GAMEL ... 32.00
0T [0 (= 2T 27.00
CaAlCItB. et 3.00
(=0 o= TR 4.00
[T oS T L= TR 050
ACHNONTE ...t 0.50
ChIOFE..... et 0.50
(O 18 7= 7R 0.30
SENTCITE et 0.30
= o 1= (PR 28.80
(O3 7= oo V7 | (T A1
BOMNITE....eceeereetee e 10
Y101 =TT 1.00
(1 (=TT 1.00
UNidentified........ccveenennenreereereeseeeseeee e 89
TOMA s 100.00

11960 Cominco internal memo.

Cominco attempted unsuccessfully to mitigate the problem through the use of flocculants. At the
request of the Fisheries Service, Cominco twice moved the talings outfal to deeper aress of the
lake. A summary of these effortsis listed below?:

Tailings Ore Treated Lake Downpipe
Ouitfall Location Dates Short Tons Depth m Lengthm
Initial Aug./62 - Sept./64 550,000 27 305
First move; 305m down Sept./64 - Nov./70 1,800,000 45 305
lake plus raft
Second move; afurther Nov./70 - Jan./73 900,000 4838 45
305m down lake (mine closed)

11967 Cominco internal memo.

Despite these measures, the turbidity problem remained, particularly during the winter months
when the lake was isothermd. Extensve limnologic surveys were carried out in 1970 and 1971
in an atempt to understand the interplay between temperature dratification and turbidity in the
water column. Temperature profiles collected a Stations 1, 2, and 3 in July 1970 (Figures 5-2,

5-3 and 54) indicated typicd summer dratification with the thermocline occurring between
about 7.5 and 20 m depth. Subsequent surveys outlined isotherma conditions on March 16,

1971 and again on September 9, 1971, indicating in the latter case an early fal turnover. On
these dates, suspended tailings solids were found to be present throughout water column to a
depth of 50 m at Station 2, and this finding was confirmed at two additional saions. An EPS
report (Halam et d., 1974) suggested that the seasonal thermocline acted as a density barrier
and prevented the colloidd tallings in the hypolimnion from entering the upper epilimnion.
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Subsequent homogenization of the lake water during the fal turnover promoted dispersion of
colloidd tailings throughout the water column (Kussat et al., 1972). Turbidity in the lake during
the winter was aso influenced by the input of sediments from inflowing streams. There are no
turbidity data prior to commencement of discharge in 1962 athough Secchi disc readings were
taken during the preceding winter.

Few physical or water qudity data other than Secchi disc, temperature and pH measurements
were collected during the limnologic surveys, and basdline studies prior to the ming's sart-up do
not exist since none were required at the time of the mings 1962 inception. However, some
dissolved metas data are available. Measurements reported by Kussat et d. (1972) suggested
that the zinc levd in the soft waters of Benson lake was high (Table 5-6).

Table 5-6

Mean Concentrations of Some Heavy Metds in Trout
and Water from Benson and Maynard L akes!

Benson Lake (ppm) Benson Lake (ppm) Maynard Lake (ppr]
Specimen Metals Water Fish Fish
Salmo clarki Hg <0.00005 01 01
(cutthroat trout) Cu <0.005 02 03
Zn 0.06 6.5 85
Po <0.01 0.1 01
Cd 0.1 01

1 Fish samples taken March 16, 1971; water sample taken February 2, 1971; heavy metal analyses by
Cominco's Trail laboratory. Data from Kussat et al., 1972.
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Figure 5-2  Benson Lake Thermal Stratification. Station 1 (Kussat et al., 1972)
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Biologica invedtigations were initiated in February 1967 in an attempt to document benthic
fauna and determine the substrate composition in the deeper waters of Benson Lake. At that
time, tailings were found to cover the entire lake bottom and there were no benthic organisms.
Turbid waters were observed in the lower Benson River together with a shalow depost of
tailings fines and coexiging benthic organisms.

No sgnificant difference was observed in heavy meta content between cutthroat trout (Salmo
clarki) samples collected in 1971 from Benson and Maynard Lakes (Table 5-6), despite the
fact that the latter, a dammed lake immediately upstream of Benson Lake, was not influenced by
mining activity (athough its watershed has been logged extensively). The smdl sample size,
however, (two trout per lake) rendered the comparative results inconclusive. The coincidence
of the high zinc leves in both fish tissue and the soft water in Benson Lake, coupled with
recognition that soft waters enhance metd toxicity to aguatic organisms and previous
observations of high zinc levels in Benson River water, led to a recommendation for increased
monitoring. In November 1973, after the fdl turnover and some ten months after closure of the
mine, EPS conducted a survey of Benson Lake to determine physicd and chemica
characterigtics, and to assess impacts to the biota Hdlam et a./EPS, 1974). A marked
reduction in turbidity was noted, dthough total metal concentrationsin lake water and fish tissue
were unchanged between 1971 and 1973. No significant bioaccumulation in the food chain of
heavy metas contained in the tailings appeared to be occurring.

5.1.1.4 Brucgjack Lake (Newhawk Gold Mines Ltd.)

The Sulphurets property is a joint venture between Newhawk Gold Mines Ltd. (NPL) and
Granduc Mines Ltd., both of Vancouver. The property islocated 56 km northwest of Stewart
in northwestern B.C.

Brucgack Lake is located in the southeastern corner of the claims area at an devation of
1376 m. Thelakeis on a high plateau above the timberline and is ice-bound most of the year.
The total surface area of the lake is 81 ha with a length of 1300 m and an average width of
623 m. Thelakeis88 m deep at its degpest point, located close to the centre of the lake. The
total storage volume of the lake is gpproximately 29 millionm3.

Underground mining is planned a a production rate of 318tonnes/day. Precious meta
recovery will be accomplished utilizing gravity concentration followed by flotation of a slver-rich
sulphide concentrate.

Astailings and waste rock were found to be potentialy acid generating and because of alimited
amount of suitable land, tailings and waste rock will be disposed of underwater in Brucgack
Lake. The talings, together with mine water, will be deposited usng a submerged outfal
located at depth (65 m) in the eastern basin of Brucejack Lake.

Tailings solids are expected to settle on the lake bottom at a maximum dope of 2% in the
deepest areas of the lake. Totd tailings production from existing reserves is expected to be
550,000 t with 50% of the tailings solids being used for backfill in the mine. The firg Ste to be
used conssts of a smal embayment adjacent to Brucgack Creek which will be flooded
following the ingdlation of a hydrodectric intake dam on Brucgack Creek. The second site
selected consigts of asmdl bay located in the northwest corner of Brucgack Lake. Dumping in
this area will be restricted to a 5 month maximum open water period. An average 97 m3/hr
combined tailings fines and mine water will be gravity fed at gpproximately 6.9% solids to the
submerged tailings outfdl.

Results from extensve laboratory testing of tailings supernatant and solids components, including
particle sze digtribution, metal analyses of talings fractions and settling velocities were used as
input parameters to a one-dimensiond finite difference mode of Brucgack Lake for purposes
of predicting the effects of deep lake tailings disposa. The model used available estimates of
minimum lake inflows, non-settlegble particulates and associated metd levels, together with
conservative estimates of relevant dispersive processes.



The suspended sediment model was run for a smulation period of 8 years to encompass the
edimated life of the mine, and predicted a generdly increasing sediment concentration leaving
Brucgjack Lake through the first five years or so of operating the tailings disposa system. After
this, the average annua concentrations levelled off suggesting an equilibrium had been reached.

On an annud basis, the modelled sediment concentrations exhibited two distinct phases. The
fird occurred at the autumn turnover when the sediment concentrations increased markedly.
The concentrations then remained approximately constant over the winter and spring during the
period of low inflow. The second phase occurred when high summer runoff diluted the outflow
concentrations to near background levels. The outflow concentrations then increased marginaly
up to the autumn turnover event.

During the find year of smulation the pesk suspended sediment concentration was modelled at
13mglL, or roughly hdf the MMLER guiddines vdue of 25mg/L. The particulate
concentrations of eight metals (As, Cu, Fe, Pb, Hg, Mo, Ag and Zn) were aso predicted using
the modd. Table 5-7 ligts the pesk concentrations and flow-weighted average annud
concentrations leaving the lake during the find year of Smulation.

The behaviour of the particulate meta concentrations followed smilar time distribution curves to
the sugpended sediment concentrations. The difference in outflow concentrations between the
summer and winter periods is dependent on the relative meta concentrations of the creek
inflows and the tailings discharge.

The moddling of lake talings digposal demondrated that outflows from Brucgack Lake will
meet both federal and provincid effluent quadity criteria on a condgtent basis. On the basis of
combined worst case scenarios for discharge quaity and available dilution in the recelving
environment, only total particulate iron, lead, slver and copper would be above the Canadian
Council of Resource and Environment Ministers (CCREM) recommended guiddines for
protection of freshwater aquatic life in Sulphurets Creek.

5.1.1.5 Buttle Lake (Westmin Resources Ltd.)

The discharge of mill talings into Buttle Lake from Westmin's Myra Fdls mine in B.C.'s
Strathcona Provincid Park represents a recent mining operation which has used subagueous
lacudtrine tailings disposd. The lake is the domestic water source for the town of Campbell
River, which is roughly 93 km from the mine. Pedersen and Losher (1988) reported on prior
gudies of chemica behaviour of Buttle Lake tailings, their review has been supplemented below
by recent information published by the B.C. Ministry of Environment and Parks (Deniseger et
al., 1988).

Buttle Lake is alarge (30 km long by 1.5 km wide) lake which occupies a U-shaped vdley in
an area of high rdief on Vancouver Idand. The south basin of the lake reaches a maximum
depth of 87 m, and during 1967 to 1984 received tailings via a dightly submerged outfal. A
reaively shdlow sl 5 km north of the discharge Ste effectively limits physicd disperson of the
deposited materia. By 1984 when tailings disposd ceased, nearly 5.5 million tons of mill
tallings had been deposited into the lake. Tallings are currently being disposed on land.



Table 5-7

Simulated Metal Concentrations at Outlet of Brucejack Lake
After 8 Years of Operating the Tallings Disposal System

Peak Concentration Flow-weighted Average
Metal (sg/L) Annual Conc. (ug/L) Provincial MMLER
Particulate| Dissolved | Total Particulate| Dissolved | Total Objectives (11g/L) (1g/L)

Arsenic 3.0 26 5.6 2.8 25 53 100 - 1000 .. 500 - 1000
Copper 44 1.1 55 3.2 1.1 4.3 50 - 300 300 - 600
ron 630 36 670 550 35 590 300 - 1000 -
Leéd 13 0.64 14 9.0 0.61 9.6 50 - 200 200 - 400
Mercury 0.013 0.10 0.11 0.010 { 0.084 0.094 0-5 -
Molybdenum 0.14 15 1.6 0.10 1.4 1.5 500 - 5000 -
Silver 20 0.13 2.1 1.4 0.12 1.5 50 - 500 -
Zinc 77 58 | 14 56 | 56 1 200 - 1000 500 - 1000




Westmin's operations at Myra Fals includes the HW, Lynx, Myra and Price mines, which
contain recoverable quantities of copper, lead, zinc, gold, slver, and cadmium. Open pit and
underground mining of the Lynx depost began in 1966 with milling commencing at the 750 tpd
Lynx mill. Since that time, mill capacity has been increased severd times to the current
4400 tpd. The mill process uses onventiona crushing and grinding followed by sdective
differentia flotation where separate copper, lead and zinc concentrates are produced.

After concentrator startup in December 1966, tailings were discharged to a small nearby pond;
however, Westmin obtained a permit in 1967 to discharge tailings to the bottom of Buittle Lake.
Cyclones removed the sand-szed materid in the underflow for use as backfill in the
underground mine. Under gravity, cyclone dime overflow, at 7to 10% solids, passed through
seven vertical drop boxes to atailing raft severd hundred feet off shore, and were discharged
via a submerged outfal that extended below the thermocline. FHocculant was used to assst
solids to sttle to the lake bottom, which was about 35-50 metres deep at the discharge point.

The tailings originated from the zinc circuit after milling of the high grade copper-lead-zinc ore
and consgted of sand-sized and slt-szed slicate gangue mineras and residua copper, iron,
lead and zinc sulphides. Heavy metd concentrations in the tailings solids ranged widdy but
averaged 7000, 1300 and 900 mg/kg for Zn, Cu and Pb respectively.

Lime (Ca0) was the only reagent used in significant quantity; approximately 1.0 kg/t ore was
added to the tailings to raise the pH in the milling circuits and to enhance coagulation in the
thickening tanks (Eccles, 1977). During theinitid sx years of operation, with ore from the Lynx
Mine, disolution of heavy metds in the milling circuit was minima due to the high pH and
extremdy low solubility of meta sulphides. In June 1970, the mill began limited production of
lead ore (gdena), and in early 1973, this was increased when high-leed ore from Myra Falls
came on-line. Because production of a copper concentrate with a low lead content was
required, cyanide was used in the continuous copper-lead separation circuit. This resulted in
subgtantialy increased levels of cyanide and dissolved copper in the effluent (at high pH, copper
complexes with cyanide). Consequently, Westmin introduced akaine chlorination to destroy
resdud cyanide and to precipitate dissolved copper in thetailings. Table 5-8 compares effluent
before and after chlorination.

Table 5-8
Comparison of Tailings Entering Buttle Lake
Before and After Commencing Treatment
Jan.-June 1973 July-Dec. 1973
Maximum Permit No Chlorination Chlorination Plant
Leves Plant in Full Operation
Total Solids 138,800 mg/L * 70,500 mg/L
pH 6.0t0 10.0 7.7 9.74
Dissolved Copper 0.3mg/L 2.85mg/L 0.09 mg/L
Dissolved L ead 0.1 mg/L 0.17 mg/L 0.08 mg/L
Dissolved Zinc 5.0 mg/L 3.27 mg/L 0.43 mg/L
Dissolved Sulphate 1000 mg/L * 380 mg/L
Total Cyanide 0.5 mg/L 472 mg/L 0.18 mg/L
Total Chlorine - - 0.1 mg/L

*Not recorded.
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Source: SENES/Knapp, 1981 (unpublished).

Some water qudity and sediment chemistry data for Buttle Lake are available. Pedersen
(1983) discussed the distribution of dissolved Zn, Cd, Cu, Mn and Fe in pore waters extracted
by centrifugation under nitrogen from four cores collected from both talings and naturd
sediments in the south basin of Buittle Lake (Table 5-9). Concurrent with this investigation,
dissolved Zn and Cu levelsin the overlying lake water were very high and it was speculated that
remobilization of metals from the deposited tallings was the cause. It was later redized that high
meta concentrations in Buttle Lake were due to inflow from Myra Creek, which was draining a
wadte rock dump containing sulphide-rich wastes. Metal concentrations in the creek water
averaged 600 pg/L Zn, 40 pg/L Cu and 1.4 pg/L Cd, in July 1981 (B.C. Research, cited in
Pedersen 1983).

Although the sediment cores exhibited pore water metal concentrations which ranged widdly, it
is clear from the datain Table 5-9 that diagenetic remohilization of metals was not substantid; in
fact, metal concentrations in the tailings pore waters were much lower than in the overlying lake
water. In the intertitial waters of netural Sediments
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Table 59
Dissolved Interdtitial Metd Concentrations in Buttle Lake Cores,
Measured by Graphite Furnace AAS (Data from Pedersen 1983)
Dissolved Metal Concentration (/L)
Sample Depth
Core (cm) Zn Cd Cu Mn Fe
Bl 03 35 <05 15.6 170 24
36 20 <05 80383 130 18
6-10 27 <05 134,131 140 16
10-14 31,31 <05 34 170 712
14-19 A <05 22 210 34
25-30 36,37 <05 50 550,560 23
3540 26 <05 05 114 13
4550 23 <05 19 0 29
B2 03 A <05 56 650 42
36 34,34 <05 6.3 800 62
6-10 13 <05 42 630 30
10-14 19 <05 59 370,350 15
20-25 23 <05 0.7,09 650 36
3540 26 <05 6.2 350 13
55-60 29 <05 6.5 290,300 15
78-83 30 <05 44 280 39
B3 03 3331 2721 132131 3190,3120 42
36 6.4 <05 20 2740 32
6-10 78,79 <05 20 2240 23
10-14 35 <05 47 2390 38
20-25 28 <05 11 1610 58
30-35 58 <05 <05 580 481
4550 42 <05 05 520 111
60-65 <30 <05 <05 7400,7330 1550
B4 0-6 22,20 <05 <05 12100 8700
510 21 <05 <05 26900 13900
10-15 74 <05 <05 24900,25000 9300
30-35 <30 <05 <05 44800 12900
L ake bottom water 170 1 11 - -
54m depth, near B2
L ake bottom water 230 04 15 - -
87m depth, near B4

Sour ce: Pedersen and L osher, 1988.



(core B4) the Zn concentration decreased rather sharply with depth, indicating that the metal
was being incorporated into an authigenic precipitate.

Pedersen (1983) concluded that severd factors controlled these digtributions.  Firdt, oxidation
of the tailings on the lake bottom was not occurring, presumably because the rate of discharge
was aufficient to bury the deposts continuoudy and quickly, thus minimizing the time of
exposure to dissolved oxygen in the bottom water. Because Zn and Cu oxyhydroxides are
much more soluble than their sulphide counterparts, oxidation of the detrital sulphides in the
tallings would release metas to interdtitia solution. An example of this phenomenon is shown in
Table 5-10. Water which was alowed to accumulate by dewatering on the tops of two of the
Buttle Lake cores showed sgnificantly higher Zn and Cu concentrations after the tailings had
been exposed to air for 8-11 h. The absence of any similar increase in dissolved Zn, Cu or Cd
concentrations with depth in the tailings cores (Table 5-9) confirmed that the tallings were
relaively unreactive on the lake bottom. There was no evidence that progressive oxidation with
concomitant metal release was occurring.

Table 5-10
Zn, Cd @ad Cu Concentrations in  Supernatant Water  Immediatdy

After  Core Coallection (A) and After 811h of Patid Exposure of
the Tailings on the Top of the Coresto Air (B)

Dissolved Metal Concentration (g/L)
Core Zn Cd Cu
B1 (A) 22,20,20 <05,<05 08
(B) 56,56 10,10 14.6,14.8
B2 (A) a4 <05 52
(B) 17 <05 12.0139

Sour ce: Pedersen and L osher, 1988.

Secondly, the absence of detectable dissolved Zn or Cu in the natural sediments underlying the
tallings in core B3 and the decreasng Zn gradient in core B4 indicated that these metds were
diffusng into the naturd sediments from the overlying metd-rich lake water and were being
removed from solution, presumably by incorporation into authigenic sulphide minerds. Support
for this contention is given by the associated increase of dissolved Mn and to alesser extent, Fe
(Table 5-9). Because manganese and iron oxyhydroxides serve as preferred e ectron acceptors
after oxygen and nitrate have been depleted (Chapter 3), their presence at high concentrations
in solution in the uppermost samplein core B4 is evidence that anoxic conditions are established
a shdlow depths in the naturd sediments. Iron sulphide precipitation in this facies is of course
limited by the scarcity of reducible sulphate, but is nevertheess indicated by the decreased Fe
concentration a depth in B4 rdative to the steadily increasing dissolved Mn level.

The Buttle Lake study demongtrated clearly the tailings were not diageneticaly reactive while
deposition was proceeding a a high rate. In thistype of example, the key factor which mitigates
agang rdease of metdsis the high sedimentation rate, which places a strong limit on the amount
of oxygen which can diffuse into the taillings from bottom water to support oxidation of detrital
sulphide minerds.  As the data in Table 5-10 demondtrate, oxidation with associated metal
release can occur quite rapidly in the presence of high oxygen concentrations. Therefore, metd
remobilization from the lacudrine tailings could occur in the period following cessation of
discharge but preceding burid by subsequent naturd sedimentation. In the south basin of Buttle
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Lake, the natura sedimentation rate measured at a representative site using 210Pb data is about
2 mmlyr (Table 5-11). In the same core the solid-phase Mn concentration decreases sharply
between 0 and 3 cm depth (Table 5-11), indicating solubilization a depths below 1cm. This
digtribution is consistent with the pore water datain core B4. Assuming thet the data from both
cores are representative of the natural sediments in the basin in generd, then it can be suggested
logicdly that the tailings would become covered with a veneer of naturd sediments, anoxic a a
shdlow depth, within 15 to 20 years following the cessation of discharge. At that point the
metal-rich deposit would, in effect, become chemicaly seded with respect to upward diffusion
of metas from the previoudy oxidized, but now buried tailings.

Deniseger et d. (1988) have recently reviewed the effects of increased heavy metd levels in
Buttle Lake water on indigenous biota during the subaqueous discharge phase of the mine
operations, and have discussed the recovery of the biota during the period 1983-1986. This
three-year study period mostly postdates collection and treatment of the leachate from the
waste rock dump near Myra Creek (which commenced in 1983) and cessation of lacustrine
dischargein Jduly, 1984. An abbreviated summary of their report is presented below.



Table 511

210Pp (supported and unsupported) and Zn Concentrations
in Sediments from Core B8

Depth in Core (cm) 2105y, (dpm/g) Zn (Lo/g) Mn (Jo/g)
01 127+33 3800 10400
1-2 4100 4410
2-3 98+ 27 740 -
34 184 2170
45 56+ 33 142 -
58 128 2100

811 4727 - -
11-15 135 2030
1520 00+ 46 - -
30-35 00x40

Source: Pedersen and L osher, 1988.

Meta levels in the lake reached approximately steady-state maximum concentrations in 1981.
At that time, devated levels of hepatic metalothionein measured in rainbow trout liversin Buttle
Lake and in lakes immediately downstream were shown to correlate well with mean dissolved
zinc leves in the individuad basins (Roch et d. 1982; Roch and McCarter, 1984). Zinc
concentrations as high as 440 g L-1 were measured in the south basin of the lake during that
period.

Magor changes were observed in the zoo- and phytoplankton populations as metd loadings
increased, including decreasing numbers of cladocerans and calanoid copepods, and an atered
phytoplankton species composition. By the early 1980's, zooplankton species such as
Leptodora kindtii, Holopedium gibberellum, Polyphemus pediculus and Daphnia spp.
were essentialy absent. By the late summer of 1985, when metd levels had falen by afactor of
roughly 4-5 from their peak in 1981, these species had reappeared. By 1986, species
composition and diversity were smilar to those sampled in 1966-67 (Whatdly, 1969, cited in
Deniseger e d., 1988). This improvement is commensurate with faling metd levelsin the lake,
dthough it should be noted that contrary to expectations, dissolved metd concentrations have
yet to decline to their pre-mine levels.

Smilar changes were noted in the phytoplankton community. The dominant association of
Rhizosol enia/Asterionella/Tabel laria/CeratiunvPeridinium seen in 1966-67 was sgnificantly
different by 1980 (Deniseger et al., 1988). Rhizosolenia eriensis, for example, essentidly
disappeared from the south basin waters where metal concentrations were highest. This species
remained scarce until late 1983. Massive blooms of R eriensis perssted from mid-1984 to
mid-1985, possibly in response to an observed increase in the NP raio which may have
accrued from increased discharge to the lake of explosives residues, sawage and eroded soil as
the mine expanded in the mid-1980's. In addition, R erienss appears to be more tolerant to
metals than other species, and the 1984-85 bloom may have reflected a transtory competitive
advantage while metal concentrations were faling but were ill relatively high (Deniseger et d.,
1988).

Decreasing hepatic metdlothionein levels in fish and increasing diversity of plankton demongtrate
that biologica stress has been sgnificantly reduced in Buttle Lake. However, Deniseger et d.
(1988) note that Cu and Cd leves in fish livers remain relatively high. Although injection of
dissolved metds into the lake from Myra Creek has been much reduced since 1983,



concentrations in creek water, and thus the lake, have not yet reached background levels. The
phytoplankton community will apparently require further improvements in water quaity before
the species composition can return to its pre-mine state.

5.1.1.6 Kootenay Lake (Cominco's Bluebell Mine)
Riondd (Pb, Zn, Ag)

The Bluebdl mine a Riondd on Kootenay Lake's east shore was for many years a mgjor high-
grade lead-zinc operation which adso produced significant silver, cadmium, copper and gold.
Tailings containing up to 10% zinc, in addition to arsenic (in arsenopyrite, FEASS) were
discharged directly into the lake. Although no acid generation testwork on the mine wastes was
avalable, it is expected that these wastes were acid generating since the ore was a massive
sulphide deposit. During the 1930's the Bluebel mine had severd different owners, but
Cominco operated the mine during its maximum production period from 1952 until it closed in
1972 (Kuit, 1989; Environment Canada/lWD: Daey et d., 1981; Douglas, 1984). In the
1960's, Cominco, and recently others have sampled deposited talings and conducted
bathymetric surveys to evauate the feasibility of further metal recovery. Mogt of the tallings are
likely dispersed over awide area of the lake bottom, however, because the dopes are steep.

Smdl scde mining activity began in the Kootenay Lake area in 1890 (Environment
CanadallWD: Daley et d. 1981). Almogt al mines and concentrators around Kootenay Lake
disposed of their waste rock, mill taillings and mine drainage water (sometimes softened with
polyphosphates) directly into the lake. In the Ainsworth and Riondel aress, tailings and waste
rock containing iron and arsenic minerds from lead and zinc ores were aso dumped into the
lake.

At the Bluebel mine, Cominco mined 4.8 million tons of ore during the 20 year operating
period. Waste rock was dumped into the lake to build a breakwater used to shelter a marina.
Barges carrying concentrate from Riondel to Proctor aso routindy dumped concentrete into the
lake when they were cleaned and swept. In addition, four rail cars carrying high grade Pb and
Zn concentrates from a Cominco barge spilled their cargo into the bay near Riondd in the mid
1960's.

Because of the higtory of metal mining activity adjacent to Kootenay Lake, severd dudiesin the
late 1970's attempted to gather data to assess the impact of waste dumping on sediment
geochemidry and the didtribution of metals within lake waters (Ddey e d., 1981; Chamberlain
and Pharo, 1981). Some key findings from the 1979-80 Kootenay Lake study are outlined
below.

Overdl metd concentrations in lake water were found to be low and reflected background
concentrations. Concentrations of certain metals were dightly higher near the centre of the lake,
possibly due to wastes from the Filot Bay smdlter.

Sediment core profiles showed strong enrichments of Pb, Zn, Ag, Cd and Asin surface layers,
directly indicating the presence of mine wastes in the lake. Comparative data shown in Table 5-
12 illudtrate the magnitude of the enrichments reative to other |akes.

Meta concentrations in the flesh of fish from the lake were aso low. These observations are
adso consgent with the results of leaching experiments performed on the enriched surface
sediments which suggested that, despite the high concentrations, the metas were not readily
bicavailable. However, Pharo (1989) admitted that the design of the extraction test procedure
did not provide firm conclusions regarding potentid accumulation of heavy metds in the food
chain. Evans and Lasenby (1983) and Vanduyn-Henderson and Lasenby (1986), in contrast,
suggested that there may indeed be some transfer of metals from sediments into the food chain
(Lasenby, 1989). It appears that further work is warranted in order to confirm or refute this

suggestion.



Table 5-16

Description of Bore Hole Five (BH5), Sherridon Tailings, Beneath Fox Lake'

Extent of
Length Depth Grain Sulphide Authigenic

Ample (inches) (feet Size Comments Oxidation Minerals
BHS5-1 06 0) Sand Pine needles, plant remains: 35-40%

5-2 6-12 Sand Loose 20-25% Jarosite,

5-3 12-16 Sand Loose 15-20% Goethite,

54 16-20 Sand Loose 10% Gypsum
BH5-5 20-26 Sand Compacted, dense 30-35%

5-6 26-32 Sand Compacted, dense 15-20% Goethite,

5-7 32-38 Sand Compacted, dense 25% Jarosite,

5-8 38-42.5 Sand Compacted, dense 25-35% Gypsum
BH5-9 425485 : Sand Compacted, dense 25-30%

5-10 48.5-54.5 Sand Compacted, dense 30% Goethite,

5-11 54.5-60.5 Fine sand Compacted, dense 25% Jarosite,

5-12 60.5-66.5 Fine sand ' Compacted, dense 25% Gypsum
BH5-13 66.5-72.5 Sand, silt Laminated interlayered sand and sand 15-20%

5-14 72.5-78.5 Sand, silt silt; appreciable sphalerite, silt <10%

trace chalcopyrite Gypsum

5-15 78.5-84.5 ' Sand, fine sand Compacted, dense 15-20% Jarosite,

5-16 84.5-90.5 Fine sand Compacted, dense - Goethite
BH5-17 90.5-96.5 Silt, fine sand Compacted, dense v

5-18 96.5-111.5 Silt Compacted, dense <5-10% Anhydrite*

5-19 111.5-116.5 Silt : Compacted, dense (trace Jarosite,

5-20 116.5-121.5 Siit Compacted, dense Goethite)
BHS5-21 121.5-126.5 (21) Silt, mud Lake bottom sediment, no sulphide N.A.

5-22 - 21-26 Silt, mud Lake bottom sediment, no sulphide N.A. Gypsum

Crude layering Is common in most samples. The first 21 teet of drilling through slurried tallings ylelded 126.5 inches of compacted core. LENTH refers to the length of core sample;
DERTH refers to the actual extent of drilling. The extent of oxidation of the sulphide minerals, pyrite and pyrrhotite with sporadic sphalerite and rare chaicopyrite, is visually csﬂma!ed.
Authigenic minerals are listed in approximately order of abundance.

Anhydrlte Is reported from Cu-Zn mines in the Lynn Lake area, and may not be an authigenic phase.

'From Kennedy and Hawthorne 1987.




51.1.7 Kootenay Lake (Dragoon Resources Ltd., formely David Minerds)
Ainsworth (Pb, Zn, Ag, Au)

David Mineras, an underground operation with a 135 tpd flotation mill, deposted untrested
tallings with a pH of 9.1 directly into Kootenay Lake. Although little information has been
located, it is known that liquid effluent quality guidelines were not being met in 1982.

5.1.1.8 Pinchi Lake (Cominco Ltd.)

Cominco's Pinchi Lake mercury mine, located 15 miles from Fort &. James, has undergone two
periods of operation; the first during World War 11, and subsequently from 1964 to 1972.

Minerd processing included a roasting step to form a cacine that was discharged into the lake;
tallings were impounded. Since the mine opened before there were environmenta regulations,
no pre-operationa basdline or background data exists.

Although no sudies were done on the cacine, mercury has a low sublimation temperature
(583°C) and roagting of mercury ores is known to be quite efficient. Consequently, it is unlikely
that substantia quantities of mercury remained in the cacine that went into the lake. Additiona
information on the handling and disposal of mine waste was not located.

Due to depressed mercury prices, operations were suspended in 1975. Cominco gill holds the
property and there is on-going water quaity work on downstream receiving waters to monitor
exising mine and mill waters for mercury (Kuit, 1989; Canadian Mines Handbook, 1983-89).

51.1.9 S Mary'sRiver/Kootenay River (Sullivan Mine - Cominco Ltd.)

A survey of the St. Mary's River - Kootenay River system was conducted during 1965 and
1966 to evduate the impact of wastes from Cominco's Kimberley Mine and fertilizer plant on
fish and other aquatic organisms. Large quantities of iron and acid wastes were being
discharged directly from the mine operations into upper Mark Creek, and the Marysville
fertilizer plant routinely released gypsum into lower Mark Creek, and ultimately the St. Mary's
River. In addition, the Sullivan concentrator-impoundment wastes flowed into Cow Creek,
which emptied into the . Mary's River (Cominco Amendments to Pollution Control Permit
PE-189, November 23, 1982). Deéeterious effects of these effluents on the biota were
suspected but had not been extensvely researched. The results of the Sinclair survey are
summarized below (Sinclair, 1966).

Although the water qudity of the . Mary's River was excedllent above Mark Creek, extremely
toxic conditions existed in the St. Mary's River at a Saion below Mark Creek. Fish exposed
to these conditions died within 48 hours. Similarly, there was an absence of benthic fauna in
Mark Creek below the Sullivan operations, and in the St. Mary's River below Mark Creek
when the benthic fauna upstream of contamination sources was abundant and healthy. Bottom
fauna were extremdly sparse as far as 15 km downstream of the confluence of Mark Creek
with the St. Mary's River and it gppeared that mine effluents had killed fish food organisms and
greatly reduced native populations of cutthroat and rainbow trout, mountain whitefish and Dally
Varden char. Even 40 km downstream from the Cominco plant in the Kootenay River, the
important food organisms were significantly diminished dthough the large dilution flows in the
Kootenay had reduced toxicity.

Water and sediment sampling indicated high quantities of gypsum and other foreign materidsin
the . Mary's River, with gypsum deposits 10-14 cm deep in the river bottom a Wycdliffe.
High concentrations of lead, zinc, and fluorides, al extremely toxic to fish, were aso noted,
aong with sgnificant turbidity and discoloration.

5.1.1.10 Summit Lake (Scottie Gold MinesLtd.)

Summit Lake isa 180 tonne per day underground gold mine. The mine and mill are located at
Summit Lake, gpproximately 32 km north of Stewart, B.C.
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The lake is an ice-dammed glacid body of water lying at the head of SAmon Glacier a an
elevation of approximately 823 m. The entire volume of the lake has discharged under Salmon
Glacier into SAmon River numerous times. As the ice dam has retreasted and thinned, the lake
discharge has become an annud fdl event.

The tailings pond was congtructed below the historica high-water table, hence it is inundated
with lake water during the latter stages of the fill cycde (May-August). At other times of the
year, the tailings remain in a saturated state since the groundweter is essentidly at the surface,

The tallings were demondrated to be acid generating, which reflected the high pyrite and
pyrrhotite composition of the ore. The sulphide content of the talings was not determined,
however, tests on the waste rock showed the rock to be acid consuming. All waste rock was
utilized for fill and road condtruction.

Typicd depodted tailings characterigics are shown in Table 5-13 for three locations. No
recent water quality data were found; however 1979 water quaity are presented in Table 5-14.

Table 5-13
Deposited Tailings Characterigtics in Summit Lake

Location
Near spigot 30 m below break 60 m below break
Aluminum Al 23600 19100 24600
Arsenic As 1620 3000 637
Barium Ba 195 18.7 30.2
Beryllium Be <0.2 <0.2 <0.2
Calcium Ca 35300 31300 64200
Cadmium cd 21 51.6 209
Cobalt Co 205 34 135
Chromium Cr 17.9 133 223
Copper Cu 691 1100 908
Iron Fe 163000 244000 152000
Mercury Hg <0.008 <0.008 <0.008
Magnesium Mg 18100 14700 18200
Manganese Mn 1590 1430 1720
Molybdenum Mo 8.6 <0.8 348
Sodium Na 60 70 120
Nickel Ni <3 7 <3
Phosphorus P 1080 1090 1190
Lead Pb 750 1340 759
Silicon S 890 780 1850
Tin Sn <2 <2 <2
Strontium S 44 .7 84
Titanium Ti 1670 1350 1530
Vanadium \% 167 153 179
Zinc Zn 1750 2960 1710

Note: All values expressed in ug/g.

The mine and surface streams were of rdatively good quality; Summit Lake was typicd of a
glacid lake with high turbidity and solids.
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Table 5-14
Water Qudity at Scottie Gold, 1979

Creek Water at

Mine Water Summit Lake Camp Summit Lakd
pH 790 6.45 7.10
Conductivity (micromhos/cm) 223. 164 56.6
Turbidity (JTU) 28 21 380.
Total Suspended Solids (mg/L) 122 0.6 3.2
Dissolved Sulphates SO, (mg/L) 44.0 6.0 100
Dissolved Iron Fe (mg/L) <0.030 <0.030 0.047
Dissolved Cadmium  Cd (mg/L) <0.001 <0.001 <0.001
Dissolved Copper Cu (mg/L) <0.001 <0.001 <0.001
Dissolved Lead Pb (mglL) <0.001 <0.001 <0.001
Dissolved Zinc Zn (mg/L) 0.002 0.004 0.002
Dissolved Antimony  Sb(mg/L) 0.024 <0.003 <0.003
Dissolved Arsenic As(mg/L) 0.009 <0.001 <0.001
Dissolved Cobalt Co (mg/L) <0.005 <0.005 <0.005
Total Mercury Hg (mg/L) <0.0002 <0.0002 <0.0002

5.1.2 Other Canadian Mine Sites
5.1.2.1 Fox Lake (Farley and Sherridon Mines, Sherritt Gordon Mines Ltd.)

Sherritt Gordon Mines Ltd. intermittently operated the Fox Lake copper-zinc- gold-slver mine
from 1930 to 1952. On average, 3,000 tpd were milled during this period. Although it is
known that both on-land and subaqueous tailings disposad into Fox Lake were used,
subaqueous disposa is thought to have been practiced only during the last few years of
operation (1949 to 1952). Information on the quantity and minerd compogtion of thetallingsis
adso scarce. Kennedy and Hawthorne (1987) studied the high sulphide tailings which were
disposed on-land and those which were submerged, and attempted to compare the identity and
character of the authigenic minerds, the extent of sulphide mineral oxidation and the identity and
composition of dtered and undtered slicate mineras.

Little is known about the tailings sampling procedures and techniques which were used for this
study; apparently, field notes were not taken. From the Farley and Sherridon tailings disposed
on-land, five samples, including hardpan and materia which was poorly consolidated and
thoroughly oxidized, were sdlected and examined. Of the submerged tailings, 22 samples from
asngle borehole (BH5) were recovered from the tailings submerged in Fox Lake. Both tailings
samples were screened into their >200 and -200 mesh fractions. A magnetic component was
aso recovered from sdected sand fractions.  Unfortunately, no pore water samples were
recovered from the submerged tailings.

Cold mount epoxy impregnation was used to prepare the samples as polished thin sections.
Samples were subsequently analyzed using optica and electron probe analysis of minerds within
the thin sections and optica examination under transmitted and reflected light microscopy.
Powder X-ray diffraction (XRD) was adso used to examine the different sze fractions of the
oxidized land tailings samples, as well as those of the submerged tailings samples. Where XRD
was not successful due to sample size, a Gandolfi camera was used to obtain powder diffraction

patterns.
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Tables 5-15 and 5-16 illustrate the generd mineralogy and texture of both the oxidized land-
disposed talings and the submerged deposits in Fox Lake. Silicate minerds comprised
65-75% of both the land and underwater tailings. Phlogopite and biotite mica were
predominant in the underwater tailings. The land talings contained quartz (25-30%), abite
(plagiodlass) and potassum fddspars, and smdl amounts of magnesum-rich chlorite,
hornblende, bictite, phlogopite and muscovite.

In the land-disposed tailings, gypsum (CaS04-2H20), jarosite [K Fe3(S04)20H6], goethite
(FeOOH) and andcite, Na(AlSi206)-H20 are the principa authigenic minerds present in the
hardpan. Authigenic minerds are those derived from the oxidation of sulphides and percolation
of acid-bearing solutions. Goethite and jarosite are the main cementing ingredients. Hardpans
in land talings are an indication of incomplete oxidation of rdict sulphides (pyrite and
pyrrhotite); thoroughly oxidized tailings contain no sulphides, due to ther disolution into
percolating porewaters, and as a result are poorly cemented.

Onland talings rardly contained the micatype minerds biotite and phlogopite.  This is
attributed to the oxidation of sulphide minerds and associated generation of sulphuric acid,
which reects with the micatype minerds, dtering them to findy interlayered dlay



Table 5-12

Background (A) and Maximum (B) Element Concentration (ppm) and the Ratios of B/A
(=F, a Sediment Enrichment Factor) in a Core from Kootenay Lake Compared with Other Lakes

Lake Lake Lake Lake Lake Erie Kootenay Lake

Element Constance’ Mie:higan1 Monona Erie’ Western Basin® Core F°

(ppm) A B F A B F A B F A B F A B F A B F
Cu 30 34 1 44 75 15 22 268 12 18 58 4 6 75 12 48 206 4
Pb 19 52 3 40 145 35 14 124 9 28 2400 86
Zn 124 380 3 129 317 25 15 92 6 7 42 6 20 225 11 157 1880 12
Ag i 0.1 4.4 44
Fe(%) 1.0 23 23 4.62 6.15 1.3
Mn 1637 8350 5
Ni 55 50 1 54 44 1 34 50 1.5 40 95 25 25 82 3.2 44 50 1.1
Co 6 12 19 18 22 1.2
Cr 50 153 3 77 85 1 7 49 7 13 60 45 11 125 1 19 30 16
Cd 0.21 0.68 3 25 46 2 0.14 24 17 0.9 35 4 03 9.1 30
As 11 22 2 2 51 25 06 32 55 0.2 0. 13 18 600 33
Ti(%) 0.2 0.8 4 0.04 0.2 5 0.24 1.12 5 0.04 0.48 12 0.05 20 39

'Forstner (1977)

2

*This study.

Allan and Brunskill (1977).

Source: from Daley et al. (1981).




Table 5-15
Description of On-Land Tailings from Sherridon'

On-Land Tailings, Oxidized Sampies

TP7-28 Hardpan: well cemented

BH7-S2 Hardpan: moderately to
well cemented, along
margin of more oxidized
material

TP-BH2 Poorly cemented, friable

Pyrite > Pyrrhotite

Laminated: light brown and <5%
yellowish brown Pyrite > Pyrrhotite
Reddish brown (also with more <15%

oxidized, yellowish brown Pyrite > Pyrrhotite
material)

Bright, yellowish brown to None
orange brown

Authigenic
Description Colour Sulphide Mineralis Sulphate and Oxide Minerals
TP12-46 Hardpan: well cemented Deep reddish brown <8% Goethite > Jarosite > Gypsum

Goethite > Jarosite > Gypsum
(trace Lepidocrocite)

Jarosite > Goethite > Gypsum
(trace) (Sulphides > Authigenic
minerals)

Lepidocrocite > Jarosite > Gypsum

Note the indication of the relative proportion of sulphides and authigenic minerais and that all authigenic minerals are hydrated. Sampie No. BH7-S2 also contains analicite,

Na(AlSlzos) . Hzo, which Is probably authigenic.

'From Kennedy and Hawthorne 1987.
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minerds, including chlorite. Kennedy and Hawthorn (1987) suggest that the micas act as
sulphuric acid buffers, liberating Fe3+ and K+ ions and promoting the formation of goethite and
jarosite.

In contrast, submerged tailings exhibit abundant biotite and phlogopite, indicating far less acid-
induced ateration due to sulphide oxidation. Oxidation of sulphides is advanced in the sandy-
textured tailings near the sediment surface, and has consumed an estimated 20-35% of the
pyrite and pyrrhotite. Although this is a lesser degree of oxidation than that of the land tailings,
such reectivity was unanticipated in view of the generdly high water quality in Fox Lake. The
degree of sulphide oxidation corrdated directly with grain size; only minor oxidation was noted
in the slty, less porous fraction. Sulphide grains often displayed prominent oxidized coatings of
cryptocrysaline goethite.

Goethite, jaroste and gypsum are ubiquitous authigenic mineras in the submerged deposts.
Kennedy and Hawthorn (1987) note that phlogopite, Mg-biotite and muscovite have reacted
extensvely with the acid generated during sulphide oxidation. Pertinent reactions indicating the
formation of the principa dteration products are shown in Table 5-17. Heavily dtered
phlogopite and bictite are replaced by very fine-grained aggregates of chlorite, montmorillonite,
quartz, illite and keolinite, with interstid jaroste. Virtudly al the mica grains have been dtered
to some degree, which is manifest by potassum depletions.

Kennedy and Hawthorn (1987) suggest that the observed minerd didtributions, which clearly
indicate extensve oxidetion, reflect the percolation of oxygenated lake water through the sandy
tallings after depogtion. However, it is not known if oxidation is gill proceeding. It is dso not
clear whether or not the tailings were initidly stored on land and subsequently submerged or
origindly depodted directly in the lake. Kennedy and Hawthorn make the interesting
obsarvation that the large volume increase associated with the formation of hydrated ferric
oxides and jarosite from the oxidation of sulphides must eventudly restrict permesbility. They
gpeculate that these reactions have the potentid to sed the deposits with time and eventualy
inhibit continued oxidation.

5.1.2.2 Garrow Lake (Polaris Mine, Cominco)

The Polaris P/Zn mine on Little Cornwadlis Idand, N.W.T., commenced discharging tallings
into proxima Garow Lake when the mine opened in 1981 The lake is
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Table 5-17
Minerd Reactions Associated with the Oxidation of Sulphide Mineralsin Reactive Mine Tailings

OXIDATION OF SULPHIDE MINERALS
(1) Pyrite: FeS, + 350, +H,0 ——> FeSO, + H,SO,
(@ Pyrrhotite: Fe S, + 1550, +H,0 — 7FeSO, + H,SO,
©) 4FeSO, +2H,S0, + O, > 2Fe,(SO,), + 2H,0
¢ Fe,(S0,), +4H,0 > 2FeO(OH) + 3H,50,
(goethite or lepidocrocite)

REACTION OF SULPHURIC ACID WITH SILICATE]
(5 Mg-Biatite > Jarosite + Mg-Chlorite + quartz
4K Mg, Fe Al (SALO,NOH),] +  12H0] +  [O] R—

2[MgFeAl, (S, Al O,)OH), ] + 13S0 + 2[KFe(SO),0H] + 3K,O

(6) Muscovite - Jarosite + Kaolinite
AKAILSALO,OH),] + 12[FeSO,] + 20H0 = 50, —_—
3[AL(S,0)(OH);] + 4[KFey(SO,),(OH) ]

*K istaken up by other mineral reactions, or goesinto solution.
Source: Kennedy and Hawthorne (1987).

approximately 3 km long by 2 km wide with adepth of 46 m, and its surface is only 7 m above
sealeve. Runoff entersthe lake from ardatively smal watershed. Surrounding eevated terrain
shelters it somewhat from the prevailing winds. Limnologicd sudies in the 1970's established
that Garrow Lake is meromictic, with a dightly brackish aerobic zone overlying anoxic H2S-
bearing brine.

The lake is drdified into three distinct hydrologicd regimes (Bohn et a., 1981; Kuit and
Gowans, 1982). The brackish surface layer (epilimnion) extends to a depth of 13 m and is
subject to inflows and surface mixing. The trangtion zone (metdimnion) from 13 to 20 m depth
exhibits decreasing dissolved oxygen, increasing sdinity, and is influenced only to a limited
degree by wind-induced mixing. Permanently stagnant, highly-sdine bottom water, reaching
about 9o/ S, extends benegth the transtion zone (the hypolimnion) to a depth of 46 m.
Characterigtic temperature and sdinity profiles are presented in Figure 5-5, and distributions of
selected chemical parameters are shown in Figure 5-6.

The ore a Polaris consgs of sphaerite and gadena in a matrix of marcasite, cdcite and
dolomite. The tailings are therefore enriched in Pb and Zn and contain high concentrations of

FeS2. Due to the nature of the ore (i.e. massive sulphide deposit) it is expected that the tailings
are acid generaing; however, the exact sulphide content was not determined.
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It was origindly anticipated that the reatively high dissolved sulphide concentrations in the
bottom water would render the lake an ided repostory for sulphide-bearing tailings, and that
the rlease of Pb and Zn to solution would be negligible, providing the tailings were deposited in
the anoxic hypolimnion. However, complications arose during testing of smulated discharges.
Fird, in order to minimize pluming and ared digperson of the tallings, and avoid contamination
of the oxic epilimnion and consequent harm to the indigenous biota, the behaviour of discharges
having different dendities was examined. Tedts which smulated the direct discharge of
concentrator tailings at 32% solids pulp density predicted that substantia pluming and dispersion
would occur. In addition, and unexpectedly, this particular mixture consumed copious quantities
of H2S from the receiving solution, which permitted the dissolution of Pb and Zn sulphides (Kuit
and Gowans, 1982). Apparently, the consumption reflected the adsorption of HS- onto the
surfaces of iron-bearing minerds. The extent of sulphide depletion was shown to be inversdy
proportiond to relative particle size and proportiona to the totd iron content. As Kuit and
Gowans (1982) note, these phenomena demondrate that minimizing dispersion is a critica
factor in limiting the the post-depositiond reactivity of tailings solids.

Following further tests, thickener underflow at 60% solids pulp density was chosen as the
optimum mixture for discharge to the lake. Pluming of this durry was minima and sulphide
adsorption was negligible, being restricted to athin layer on the surface of the settled deposts.

In actua practice, the tailings discharge points are located well below the haocline in Garrow
Lake. Pulp dendty of the tailings during 1982-83 was maintained at an average 55% solids.
Weekly monitoring of the water column for the initid 18 months of operation showed little or no
change in water qudity in the epilimnion; meta concentrations remained well below maximum
vaues dipulated by the discharge



Report Lis

Temperature (°C)

-4 -2 0 2 4 6 8 o 12 14 16 18 20 22 24

w
1

%)
T

p—b——10f
!

-~ o)

5 - FaN \O -
£ .

a

Qo P o -]

/ Tem ature \
=0k /A emperatur 5 _
5 A -
40 =3 A mnd
49 Z ol
0 10 20 30 40 50 60 70 80 90 100

Salinity (parts per thousand )

Figure 5-5 Garrow Lake - Salinity and Temperature Profiles (Kuit and Gowans, 1982)




Report Lis

0 10 20 O 30 60
(o) 1 ] h
. 0, (mg/L) | Ct (gsL) m
10 i
| \
. |
N 4 c
Depth 201 t (OC) p — -t
Turbidity Salinity (0/00
(m) NoOWTO) v
304 \ \
Total B ! M
7 Phosphorus M?, Fe B O “
mg/L (0/00
40+ N (mg/L) 9/L) ) |
{
i HZS {mg/L) |
1
50  § J  § T T T ¥
0 5 0] 75 O 50 05 I5 -25 -2 0
Figure 56  Typical Physicochemical Stratification of Garrow Lake by Water Depth

(Ouellet and Page, 1966)




Report Lis

license, as shown in Table 5-18. Continuing monitoring indicates that surface water qudity in
the lake has not been compromised by its use as a receptacle for tailings (W.J. Kuit, 1989,
pers. comm.).

Table 5-18
Garrow Lake Surface Water Quality, 1982

Parameter License Maximum, mg/L Actual, mg/L
Tota Cu .07 <.008
Tota Pb .02 01
Total Zn 0.15 <.02
Total CN 10 <0.1

Source: Kuit and Gowans (1982).

5.1.2.3 Mandy Lake a Mandy Mine
Hudson Bay Mining and Smdting Ltd., Flin FHon, Manitoba

Mandy Mine was located near Flin Flon, Manitoba. The ore vein averaged over 20% copper
as solid chacopyrite and contained significant precious metds in lower grade sulphides. From
April 1943 to December 1944, the mine deposited tailings into Mandy Lake, a shdlow water
body next to the property ( Hamilton and Fraser, 1978).

Hudson Bay Mining and Smelting Ltd. (HBMS) conducted two sampling programs in 1975 and
1976. Invedtigation of predominantly pyrite tailings which were submerged in shdlow water
(0.3 - 1 m deep) for 32 years was carried-out to determine the extent of oxidation. The origina
chemicd and minerdogicd composition of the talings is not wel known, but pyrite was the
predominant iron sulphide minera and the ore likely had a sulphur content of 15-17%. Levels
of zinc and copper are thought to have been appreciable.

Tailings samples (four underwater, two onshore) and water samples (four taken above the
submerged tallings samples, two taken in Mandy Lake inlet and outlet treams) were analyzed.
Results were compared to analyses of land-disposed Cuprus Mine tailings, located 11 km
southeast of FHin Flon, because these dso were high in sulphides and had been exposed for the
same length of time. Tables 5-19 and 520 summarize and compare the andytica data
(Hamilton and Fraser, 1978). Reectivity generdly corrdates with the intengty of exposure to
oxygen. Tailings with some degree of water cover were found to have oxidized to a lesser
degree as indicated by the iron oxide content (Table 5-19) and the leaching behaviour (Table 5-
20).

Table 5-19

Composition of Tailings from Mandy Mine and Cuprus Mine
Mandy Mine Cuprus Mine

Constituent (%) Underwater Shore Top Profile
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Total Iron 174 198 245
Iron as Fe,Oq 08 29 158
Total sulphur 155 158 6.6
Sulphide sulphur 154 155 27
Sulphate sulphur 0.03 0.30 39
Alumina (Al,O3) 84 6.7 29
Silica(SiOy) 35.7 377 27.7
Copper 091 270 0.19
Zinc 4.70 160 0.18
Lead 013 0.12 0.08
Cadmium 0.01 <0.01 <0.01
Calcium 104 0.51 2.87
Magnesium 175 1.03 054
Source: Hamilton and Fraser (1978).
Table 5-20
Soluble Condtituents in a 15 Didtilled Water
Leech of Tallingsfrom Mandy and Cuprus Mine
Constituent Mandy Mine Cuprus Mine
(mg/kg tailings) Underwater Shore Top Profile
Iron 09 84.3 8,530
Copper 025 6.23 797
Zinc 155 4 218
Lead 035 105 127
Cadmium 0.05 0.28 057
Calcium 145 2,590 2,360
Magnesium 18 121 577
Sulphate 240 7,340 35,400
pH 6.9 49 25
Conductivity (mmho/cm) 04 245 7.20

Sour ce: Hamilton and Fraser (1978).

Comparison of the quality of inlet and outlet waters to and from the lake (Table 5-21) suggests
that the submerged tailings had no dgnificant influence on the dissolved metd inventories during
the 1975-76 study. Furthermore, anima species were present universaly throughout the non-
affected and tailings-affected areas; no digtinction was evident between the two.

Table 5-21
Quadlity of Inlet and Outlet Water & Mandy Lake

Sample Source

Parameter Inlet Outlet Above Tailings




pH 75 7.7 7.7
Conductivity (mmho/cm) 020 0.39 0.26
Copper (mg/L) 0.01 0.02 0.01
Zinc (mg/L) 014 013 020
Lead (mg/L) 0.01 0.01 0.01
Cadmium (mg/L) 0.01 0.01 0.01
Iron (mg/L) 011 0.23 0.05
Calcium (mg/L) 220 225 210
Magnesium (mg/L) 53 55 5.6
Sulphate (mg/L) 288 217 -

Source: Hamilton and Fraser (1978).

Vegetation was well established on the water-covered deposit in the mid-1970's but was absent

on the subaerid tailings. Hamilton and Fraser (1978) noted that a layer of decaying organic

material up to 2.5 cm thick covered 90-95 % of the surface area of the submerged deposit.

Presumably, such layers enhance oxygen consumption and further reduce the possibility of
oxidation of sulphides. Thisis consstent with studies by Jackson (1978) on Schist Lake, dso
near Hin FHon, where ddiberate simulation of adgd blooms through nutrient enrichment in a
amall lake serving as a disposd Site for toxic meta wastes caused metals to be trapped and

immobilized in the bottom sediments as sulphides or meta-organic complexes. Fertilization with
sewage or other sources of available nutrients results in algal blooms which have been found to

concentrate metas, transporting these metas to the lake bottom when the agee die-off and

gnk. Reducing conditions caused by putrefaction of adga organic matter tends to further

immobilize metas in the organic bottom muds. Moore and Sutherland (1981) smilarly found

that heavy meta releases into Great Bear Lake, Northwest Territories, had become bound in

the organic sediments, resulting in little impact on metal concentrations in the overlying water and

in fish flesh.

In summary, few, if any, detrimenta effects on water qudity were observed in Mandy Lake
some three decades after depostion of the tallings, and the submerged sulphide-rich materid
gppeared to be essentidly unreactive. In contrast, the land-based tailings were heavily dtered
and had apparently undergone severe oxidation, presumably with concomitant acid production.
There are, unfortunately, no data available which would permit evauation of the impact on the
lake of the submerged talings in the immediate and short terms following emplacement.
However, HBMS is planning to submit a proposd that Mandy Lake be considered as a target
for fiedd tests under CANMET's Mine Environmental Neutrd Drainage (MEND) program
(Musid, 1989).

5.1.2.4 Anderson Lake (Hudson Bay Mining and Smdlting Ltd.)

Hudson Bay Mining and Smelting's Snow Lake mill, rated a 3450 m/tpd, receives various
copper-lead-zinc ores from seven Snow Lake area underground mines (Fraser, 1989,
Canadian Mines Handbook, 1988-89), and discharges talings to proxima, and shalow,
Anderson Lake. During the last decade, about 0.75 million tons of tailings have been deposited
in thelake annudly.

Disposd locations on the lake are varied seasondly, with the more shalow depths (3 m) being
selected in summer and greater depths (average 6 m) used in winter. Discharge is through a 30
cm floating Sclair pipe which can be moved to digtribute the tailings from two discharge pointsin
order to keep a water cover of 0.6 m. Lake bottom contours are measured yearly as part of
planning the seasond discharge.




There are no detailed minerdogic or compositiona andyses of the tailings, which vary with the
composite ore feed from the different mines. Pyrite and pyrrhotite are the primary sulphide
gangue minerdsin the Anderson Lake chlorite schist host rock.  Sulphur content is 20-25%.

A pre-operational environmental assessment was carried out and impacted recelving waters
undergo further assessment every three years. Periodic water quality monitoring is done for
metals, pH and suspended solids, federa effluent guidelines are reportedly being met (Fraser,
1989).

Anderson Lake is marshy and eutrophic, floored with a soft organic ooze, and historicdly has
contained very few fish. Tallings initidly deposited into the lake maintained a 25-30° angle of
repose, and did not readily disperse due to the very quiescent lake conditions and the short
drop from the discharge outfdl. Initidly, some mine waste and tailings built up above the lake
surface and had to be moved in order to keep the deposits submerged.

5.1.3 Internationd Mines
5.1.3.1 Silver Bay, Minnesota, on Lake Superior (Reserve Mining Co.)

A brief summary of the Reserve Mining Company case study is included here to demondrate
that chemica behaviour is not the only aspect of lacudtrine tailings discharge which has important
implications to environmenta quality.

Following a 1950's technica breakthrough that led to the economic processing of low grade,
dliceous and aborasve magnetic taconite iron ores, the Reserve Mining Co. of Silver Bay,
Minnesota started beneficiaing iron ore a a plant northeast of Duluth on Lake Superior. The
company was permitted to discharge a large quantity of tailings directly into Lake Superior and
built a concentrator that would process 88,500 Itpd of crude feed (grading 24-25% iron) and
produce 59,000 Itpd of tailings. Thetailings were composed of about 50% quartz, 43% other
dlicate mineras (induding cummingtonite, an asbestiform minerd), and 7% magnetite (Oxberry
eta., 1978).

Although its effectiveness had not been proven, lake tailings disposd was initidly accomplished
by dlowing the tallings to flow as a dengity current downdope to an offshore trough which
ranged in depth from 200 to 300 m. Studies were initisted a the same time to predict the
properties of the tailings sugpenson in lake water, and to predict settling behaviour (Engineering
and Mining Journal 1972, 1976). When the discharge entered the lake, coarser particles
quickly settled to form a delta (Temple, 1980), and the fines flowed in density currents down
the delta face to form prodelta deposits. However, a portion of the fine-particle suspension was
later found to escape the dendty current and under certain conditions fine particles became
widdy dispersed. Eventualy, tailings settled over more than 2500 km2 of the lake floor. The
tallings were found to affect organiams in direct toxicity tests and to have inhibited dgd
photosynthesis (Shaumburg, 1976). Although the tailings released soluble components when
exposed to lake water, no heavy meta releases were reported.

In 1969, the tailings were determined to be polluting Lake Superior waters, and the Reserve
Mining Co. was charged by the U.S. government. What began as a water pollution abatement
case became, after the discovery of asbestostype fibers in Lake Superior, a public hedth
impact issue concerning asbestiform particles discharged into the air and water (Durham and
Pang, 1976). Eventualy, in 1978, Reserve was forced to use on-land tailings disposd, a an
estimated cost of U.S. $250 million.

5.1.4 Hooded Pits and Shafts
5.1.4.1 Endako Mines Divison (Placer-Dome Inc.)

There are two open pits a Endako's molybdenum operation near Fraser Lake in north-central
British Columbig; the initid Endako pit, which was closed in June 1982 due to depressed
molybdenum prices, and the Denak pit. The Endako pit was alowed to flood in 1982.



Some recent water quality monitoring data from the Endako pit were provided by B.C. MOEP
(Roberts, 1989) and are given in Table 5-22:

Table 5-22
Water Qudity in Endako Pit
Analysis
Constituent (mg/L)

S04-2 Ranges 886-425

Cu 0001, 0002, 0003 001

CN- n.d.

Mo 15

Discharge from the Denak pit to an intermittent creek that flows to the Endako River or via a
settling pond to Watkins Creek and thence to Francois Lake contains about 15 mg/L Mo,
about 500-fold higher than the B.C. Water Qudity Criterion for wildlife (0.05 mg/L).
Concentrations as high as 86 mg/L (JB. Brodie, unpublished report, 1986) have been
measured. Such high concentrations in the effluent from both the Denak and Endako pits are of
current concern to the Waste Management Branch, and have serious implications for the
eventud abandonment of the mine, particularly in view of the probability thet the pits will be
purposdly or passively flooded once the mine closes.

Studies are underway which will address the impact to date of effluent discharges on receiving
waters, 0ils, vegetation, and wildlife in the mine vicinity. At the time of writing, no results from
these investigations are available. Mitigation of the release of Mo to pit waters will need to be
considered as part of any abandonment plan, as discussed in Chapter 6.

5.1.4.2 Equity Silver MinesLtd. (Placer-DomeInc.)

Equity Siver Mines Ltd. (ESML) is located near Houston, B.C. in the Bulkley River drainage
system. Acidic drainage containing dissolved Cu, Zn and Fe a the mings 50 million tonne
wadte rock dump results from oxidation of pyrite, and was first noted just one year following the
mine's opening in 1981. The acid drainage flowed into the Bulkley River and threstened to
degrade vauable fish habitat and drinking weter.

ESML subsequently initiated a reclamation and revegetation program, and congtructed a series
of collection ditches which direct acid mine drainage (AMD) to an on-Ste trestment plant.
Approximately 800,000 m3/yr of acid drainage is mixed with lime to raise the pH to 8.5, which
fodters the precipitation of metd hydroxides, and the solution is then discharged to a settling
pond where a high proportion of the previoudy-dissolved metd inventory settles out as a
cacium sulphate/meta hydroxide dudge. The resulting clear supernatant is discharged to the
environment; according to ESML's Decommisioning and Closure Plan (1988), such discharges
are carefully monitored and regulated to ensure minima impact, and they comply with
edtablished water quality guiddines. Representative water qudity data are shown in Table 5-23
(Gdllinger, 1988). The metd-rich dudge from the settling ponds is currently mixed with tailings
inaratio of 1:10 and added to the regular tailings ponds.

Seveard dterndives currently exigt for long-term pit abandonment, AMD trestment and
associaed dudge disposd. The Main Zone and Waterline open pits will be alowed to fill and
foom a lake  The talings pond will become a shdlow lake, submerged to a



Table 5-23

AM.D. Treatment Statigtics
ESML's Water Qudity Data (Gallinger, 1988)

Valuesin mg/L
pH Acidity SO, Cu(d) Zn(d) Fe(d)
Raw A.M.D. 235 10,000 8,500 120 80 800
Treated 7.80 NIL 1,600 0.01 004 0.03
Permitted 6.5-85 0.05 0.2 03

maximum depth of 1-2 m; submergence is expected to lessen susceptibility of tailings to
oxidation.

The Southern Tall pit has dready been flooded, following partid backfilling with 2.5 million
cubic metres of wagte rock; acid generation under the water in the pit is expected to be
obviated. Ongoing mitigation of the waste-dump AMD will produce gpproximately 80,000 m3
(1% solids) of sediment dudge annudly, which may be deposited in an exigting diverson pond
basin (20 year minimum capacity) or in the Main Fit (on the order of 200 year cagpacity). The
latter option has the benefit of long lifetime, but it may be incompatible with the current plan to
flood the Main Zone At following abandonment. Concern for the potentid generation of AMD
from the exposed pit walls during the six-year filling time is expressed in ESML's Closure Plan
(1988). Should alow pH result (and possibly persst), the potentid for dissolution of hydroxide
precipitatesin the dudge exists. Should this become the case, then the anticipated establishment
of aguetic life in the flooded pit will be compromised. Provison will be made to route Man
Zone overflow to the AMD treatment system should it become necessary to treat acidic
oveflow water from the newly-crested lake. Such a circumgtance will require dternate
arangements for the disposa of the dudge to be made, possibly in proximd landfills. However,
indications from other dtes, such as in Mandy Lake (Section 5.1.2.3), imply that eventud
submergence of sulphides in the pit wadls should inhibit oxidation and concomitant acid
production. Such a result would obvioudy be beneficid, and would limit the period of concern
to the six-year filling time

Other mine operators, for example, HBMS (Typliski and Labarre, 1980) have successfully
used lime neutrdization to darify mine waste effluents and recover metds, for a net economic
return. Presumably this is not an economicaly viable option for ESML, asit is unremarked in
the Decommisioning and Closure Plan (1988).

5143 Phoenix Coppar Mine  (foomely  with  Granby  Mining  Co)
Decommissioned Open-pit

Kamet (1989) reports that the Phoenix open pit, abandoned in the late 1970's, is flooded and
contains very clear water. Since the host rock is limestone, the acid generating potentid is low.
The most recent water samples were collected from the pit in 1984 (Jarman, 1989) and were
andyzed for metals and nutrients (Table 5-24). At that time, the water contained concentrations
of nitrate which exceeded drinking water guiddines, low concentrations of lead and rdatively
high levels of Cu, Mo and Fe. The source of the metasis not clear.

Following cessation of mining, the tailings impoundment was breached by cutting a channel into
the dam to permit the draining of ponded water. This drainage is diverted via a perimeter ditch
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to Twin Creek, the water quality of which is monitored (Kamet, 1989; Jarman, 1989). Data
collected during the course of monitoring downstream receiving waters between 1973 and 1984
indicate that copper and sulphate concentrations decreased sgnificantly during that 11 year
period (Table 5-25). Reclamation of the tallings impoundment is now complete.

5.1.4.4 City Resources (Canada) Limited (formerly Consolidated Cinola Mines Ltd.)
Queen Charlotte Idands, B.C.

The Cinola Gold Project is a proposed open pit mine for the production of approximeately
6.4 million tonnes of ore and waste rock per year. Approximately 68% of the mine wastes are
potentialy acid producing.

Acid generating waste rock will be separated into two groups for separate disposa. One
quarter of the acid generating wadte rock will be permanently submerged in the tailings
impoundment while the remaining three quarters of the potentidly acid generating rock will be
gored in a sockpile and backfilled to the open pit upon completion of mining. The pit will
subsequently be filled with weter thus inundating the backfilled rock.
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Table 5-24
1984 Water Quality Data
Phoenix Flooded/Decommissioned Open Pit
Constituent Analyses
Nitrate 12.14 mglitrel
Dissolved Metals
Cu 0.019 mgllitre
Mo 0.08 mgllitre
Po 0.002 mgllitre
Iron 0.12 mglitre
Al 0.44 mgllitre
Dissolved Oxygen (field) 9.6 nyllitre
Sp. Cond. 1540
pH - field 7522
pH - lab 792
Turbidity Low
1Exceeds drinking water standard.

2Estimated 3 day delay between field and lab analysis.

Table 5-25
Sulphate lon and Dissolved Copper Concentrations
in Providence Lakel
Constituent, mg/litre Year
SO,2 - 516 19751
- 712 1984
Dissolved Cu - 0012 1973
- 0001 1984

1197s: plant operating; last year tailings pond effluent discharged
to Providence L ake.
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Environmental monitoring for water and groundwater qudity, and acid generation will be
conducted throughout the congtruction, operation and reclamation phases of the project.

52  Summay

The case sudies which have been reviewed in this chapter demondtrate that some data are
avalable which usefully document some processes of concern to subagueous disposdl;
however, such illudrative sudies are very few in number. The mgority of examples which have
been described in the open and grey literature are often of limited utility because they adopt too
narrow afocus. For example, few conclusions about diagenetic processes underwater can be
drawn from comparative mineralogic sudies in the absence of interdtitid water data. However,
the studies which have been reviewed imply that, in generd, oxidation of submerged tallings may
be inhibited even in very shdlow waters, as suggested by the Mandy Lake example. Similarly,
no evidence for oxidation and associsted metal release was found in Buttle Lake, where
sulphide-rich tallings are overlain by an oxygenated and much deeper water column.

During the course of preparation of this chapter, no substantive evidence was uncovered to
support the notion that significant acid generation can occur under water. This does not mean,
however, that submergence categoricdly excludes oxidetion; the available information is too
discrete and limited to permit such a generdization to be drawn at this point, as is noted in the

following chapter.
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Chapter 6

The literature review presented in this report was conducted as a multidisciplinary exercise to
evaduate the current understanding of both acid generation and subagueous disposal practices
and to establish a foundation for proceeding with further sudies. The additiond studies, when
completed, would provide site-specific information to fill gaps in existing data and improve our
undergtanding of the long-term behaviour of active and abandoned submerged mine waste
deposts. Only then can a st of criteria for environmentaly safe methods of underwater
disposa of reactive mine wastes be established to permit confident decison-making on the
suitability of aguatic discharge Strategies.

Much information was collected and reviewed in our study, agood ded of which is summarized
in the preceding sections. Based on the combination of theoretical and case Sudy data, a series
of conclusons and recommendetions follow which provide a synopsis of the state-of-the-art in
subagueous disposa and demongrate where further fidd investigation should be completed to
improve the level of understanding of the physicd, chemica and biologica implications of storing
reactive mine wastes underwater.

6.1 Conclusgons

Based on the theoreticd review of AMD and case dudy invedigetions, the following
conclusons have been drawn. They condder both technical and nontechnica issues, and
provide a foundation for the subsequent discussion of recommended further studies. Individua
conclusons are not mentioned in order of importance.

: AMD is a serious disadvantage for land-based tailing disposal, particularly in wetter
climates characterizing certain areas of British Columbia The typicd oxidation-reduction
(redox) reections and gavanic interaction of commonly occurring waste sulphide minerds
(pyrite, pyrrhotite) that occur in the presence of oxygen, moisture and Thiobacillus
ferrooxidans (catays) can reault in the generation of highly acidic water and concomitant
leaching of trace metds from mine wastes. By minimizing exposure to oxygen by soring
reactive wastes underwater, subagueous disposal practices hold considerable promise for



suppressing acid generation.  Further study is required however to understand more
fully the conditions under which underwater disposd will be successful.

Tedts to evduate acid mine drainage and/or acid-generating potential of land-based
mine wastes gppear to have very limited or margind predictive ability for wastes submerged
underwater (unless the body of water is very well oxygenated). Of the range of tests available,
the kinetic shake flask test, which gives an indication of the degree to which metas can enter the
water column when tailings are disposed into a lake, appears somewhat suitable for underwater
gtorage of reactive mine wastes as it best smulates actud field conditions and has been shown
to be accurate in its predictions.

Any databases which contain chemica and/or physical data for lakes currently exist in a
form too incipient to be of dgnificant use for evauating candidate lakes as mine waste
repodtories.  This reflects the reatively recent concern about the long term impacts of
subaqueous disposal.

Critica areas in the biologicd arena ill remain that require more detailed investigation,
particularly the complex processes of biocavalability of metas in lake-bottom sediments and
bioaccumulation in the freshwater food chain. Lake studies have not adequately evauated post-
depositiond reactivity of submerged sulphide-bearing tailings to determine if benthic effluxes of
heavy metds are present.

. Macrobiological impacts must be examined under each of four categories. turbidity,
sedimentation, toxicity to freshwater biota and contamination of the food web. Each category
can represent significant macrobiologica impeacts; the primary impacts of which are outlined as
follows. Turbidity affects water trangparency and hence primary and secondary production as
well as respiration, feeding and other behaviour of water column organisms.  Sedimentation
results in the smothering of eggs and benthic organisms. Toxicity includes awide range of lethd,
sub-lethd and behavioura impacts of trace metas or acid-generating materias on freshwater
biota. Contamination effects condgder the bioaccumulation of trace metas through the food
chan.

. Various factors representing a wide array of processes, chemical reactions, and site-
specific conditions interact, perhgps synergiticaly, in determining whether or not mine wastes
deposited underwater have the potentid for introducing substances toxic to biologica systems.
Severd factors worth considering include the following:

- the naturd chemigtry or chemica properties of the receiving environment;

- physicochemica conditions which may aid in reducing concentrations of dissolved meta
species through conversion into authigenic phases, i.e. precipitation;

- sze of the water body and its cgpacity to tolerate a given amount of effluent;
- hydrochemica conditions that may increase heavy metd solubility;
- the exigtence and frequency of flushing cyclesin alake;

- the compostion and pH of the mine wastes which can reflect a range of metd recovery
treatment processes - anywhere from sate-of-the-art sdective flotation to those tha have
undergone some dteration, for example, through cyanidation or other hydrometalurgical or
roasting pre-treatment; and

- the existence and the types of aguatic life that inhabit the lake and their migratory and
feeding habits. Through certain mechanisms, biota have the potentid for trangporting metas in
the sediments or water column into the food web.

. The case sudies reviewed, athough consdered representative, yield inconclusve
results. Daa are generdly sparse or supeficid, only somewhat relevant, reflect limited
sampling, and/or have little predictive capacity to permit improving our undergtanding of



long-term phenomena associated with subagueous disposa. The data collected are usudly for
short-term environmenta impact assessments and not for detecting biogeochemica processes
or longer term trends. Water qudity data are common but very little sediment mineraogy is
avalable and virtualy no pore water chemistry.

. Regular, comprehensive monitoring of water chemigtry in flooded open-pits is sparse at
present.  Such information, if available in sgnificant quantity and qudity, could provide a
database to assg in future predictions of the chemica evauation of drainage from abandoned
pits.

6.2  Recommendationsfor Fied Investigations

The preceding chapters demondtrate that the subagueous disposad of reactive mine wastes
appearsto be a highly promising aternative to land-based disposd, but that critica gaps exigt in
the data which prevent establishing a sat of criteria for effectively evauating aternative disposa
grategies. Clearly, further fild studies need to be designed to evauate post-depositiond
reactivity of submerged sulphide-bearing mine wastes to determine if benthic effluxes of sdlected
metals exig and to what extent they are mitigated by the gradud depostion of a naturd
sediment layer. Included must be more detailed, Site-specific investigations of impacts on the
biologicd community native to the receiving environment.

Although discussed individudly below, it is most important that the geochemica and biologica
components be conducted for each ste investigation.  This suggestion reflects the necessity of
increasing our knowledge of the factors which control metal release or uptake by talings and
wagte rock and the associated direct or indirect impacts on aguatic organisms. It is only then
that a complete understanding of the long-term nature of submerged mine wastes and their
potentid biologica impacts can be fully appreciated.

6.2.1 Geochemicd Investigations

It is recommended that in future work, detailed studies be carried out on the digtribution of
dissolved metd's and metabolites in interdtitial waters collected from suites of cores raised from
submerged tailings depodits in a number of lakes. Previous work has demongtrated the utility of
this approach in assessing the post-depostiona reactivity of talings deposdts in such
environments (e.g. Pedersen, 1983).

For comparative purposes, such sudies should embrace a variety of deposts, including
unperturbed sediments and tailings which have contrasting mineralogies, and should include
assessment of dteration effects, and connate water and/or groundwater chemistry in companion
subaerid tailings deposits on land. 1n both types of deposits, the work should include locations
which are no longer recaiving mine waste, as wel as active depostiond regimes. It is srongly
recommended that these investigations include chemica analyses of sdected mgor and minor
element concentrations in the solid phases from which the pore waters are extracted,
minerdogica characterization, and measurements of the organic carbon concentration.

Where talings or waste materids of the same compostion have been discharged both
underwater and on land (as for example at Buttle and Benson Lakes), comparative mineralogic
sudies of both facies should be carried out by X-ray diffraction to contrast the extent and
nature of dteration of mineras under on-land and submerged conditions. The degree of such
dteration is expected to be minor in the submerged depodts, but this requires confirmation.
Such comparisons with waste materids on land, which are frequently heavily dtered, have the
potentia to provide a particularly illudtrative suite of examples of the rdlative chemica diagenetic
behaviour of tailings and waste rock exposed to the atmosphere versus those under water.

To extract interdtitiadl waters properly, consderable precautions must be taken to collect
undisturbed cores and to avoid oxidation and contamination of the samples. Such work is,
therefore, time and labour intensive and recognition of this requirement should be made in future
budget deliberations. Interpretation of the pore water chemistry will require collection of



supporting limnologica  information, including dissolved oxygen and other hydrographic
measurements.

Such dudies, if caried out in sufficient detail, promise to deliver increased understanding of
processes governing the post-depositiona release (or lack of release) of dissolved metds to
waters in the host basins, as well as permit cdculations of the metd effluxes or influxes from
impacted lake floors.

Given the severd stages of chemica evolution which are expected to characterize the history of
a submerged deposit, it is suggested that the recommended studies incorporate the following
components.

. pore water work on a suite of representative cores should be performed one or two
years after the mines have commenced discharging in order to assess the fluxes of metals out of
or into the deposits. The purpose of this effort is to monitor the post-depositional chemical
behaviour of the deposits during the active depositiond dage. Idedly, characterization of the
ambient chemidry of interditid waters should aso be carried out in lake basins chosen for
sub-agueous discharge before such disposad begins. Such pre-operationd work would permit
definition of metd releases for sediments which are known to occur in some pristine lakes as a
consequence of natural geochemica cycles. For example, tailings discharge to Brucgack Lake
in northern B.C. is planned to commence in 1990; it is recommended that a survey of the
digribution of certain dissolved metas in Brucgack Lake sedimentary pore waters should be
made before tailings deposition commences. Such basdine data would prove to be invauable
to subsequent comparisons with the chemigtry of pore watersin the tailings;

the same sampling strategy should be employed at two later stages.

1 within 12 months of cessation of discharge, in order to assess the potentia effects of
oxidation following the abrupt change in the nature and rate of sedimentation; and

2. two to Sx years after cessation of discharge, to permit evauaion of the potentia
"seding" effect which is expected to be provided by the accumulation of naturad sediments on
the surface of the waste deposit.

Potentid targets in British Columbia for the required detailed work include Buittle Lake, Benson
Lake, and Kootenay Lake (especidly the location where the 1960's spill of high-grade
lead-zinc concentrates occurred, where significant potential exists for gavanic interaction
between dissmilar sulphides in contact with each other, or in proximity to the Bluebdl Mine at
Riondd). Outside British Columbia, Mandy Lake, Fox Lake or Anderson Lake are suggested
as uitable targets for study, given their shdlow depths, rdatively smdl size, and the high
sulphide contents in the submerged tailings.

In addition to the foregoing, there are severd British Columbia coastd marine environments
containing mine tailings that could be investigated, idedly by using the same srategy outlined
above. Thisinformation could supplement that collected at the freshwater lakes outlined above
and ad in drawing condusions as to the environmenta impacts of subaqueous disposd of mine
wades.  Topics which require investigation include: the nature and extent of remobilization of
selected heavy metd's from sediments, chemica speciation and toxicity of different species, and
the mechaniams and extent of metd uptake by organisms. Sites in which such sudies could
mogt effectively be carried out include:

. Rupert Inlet (Idand Copper) - mine gill active. Studies of early diagenesis during the
active depositional stage have been carried out previoudy (Pedersen, 1984, 1985).

. Howe Sound (which hodts talings derived from the former Britannia Mine) -
invesigation of pore water is currently underway by members of the Depatment of
Oceanography, U.B.C. Release of tailingsto the fjord ceased in 1974.




Alice Arm (Kitsault/Amax Canada) - tailings deposition ceased November, 1982.
Work on arsenic speciation in interdtitial waters has been carried out at Royd Roads Military
College (Esquimalt), on Mo and metabolite chemistry by Losher (1985), and on Cu, Cd, Zn
and Pb digtributions by JA.J. Thompson (Ocean Chemidry, Ingtitute of Ocean Sciences,
unpublished data).

Anyox - dte of B.C.'s (Canadas) first copper smdter; the loca bay is thought to
contain mine, mill and smelter wastes.

With the exception of the Alice Arm, Rupert Inlet, Buttle Lake and Howe Sound deposits, we
suspect that very little monitoring or sampling (apart from water qudity in the overlying water
columns) has been done at the great majority of abandoned sites of submerged wastes. In
many cases, it is clear that the "window of opportunity” has passed in which it may have been
possible to assess the initid post-abandonment behaviour of waste materids in a number of
water bodies. Such behaviour could then have been compared with subsequent studies which
would have permitted a long-term chemica history to be derived. It will be possible however to
assemble such diagenetic histories for locations in which deposition is underway or has recently
ceased, in particular deposits such asthose in Buttle Lake and to alesser extent Benson Lake.

6.2.2 Limnologicd and Biologicd Investigetions

Limnologicd and biologicd sudies must be completed in association with geochemica
investigations to link the complex process of metals release from submerged mine wastes to
their uptake by aquatic organisms and biocaccumulation in the food chain.

The purpose of the limnology/biology program will be to describe the lake in terms of festures
that can be used to predict the impact of mine wastes deposited in smilar lakes. These
measurements will dlow investigetors to cadculate lake turnover and residence time (flushing
rate), determine circulation and mixing features, and evauate the potentid for the waste materia
to be mobilized by meteorologicd or hydrologica events and the rate & which contaminants
from the depost would be dispersed. In addition, the measurements will fill existing data gaps
on metd transfer from sediments up through the aguatic food chain, a process which is currently
poorly understood with respect to submerged mine wastes.

Dissolved oxygen, pH, and redox potentid are parameters which will influence the reactivity of
the sediments. Our assumption isthat if the sediments and intergtitia waters are anoxic, then the
solubility of metals will be minimized by the presence of hydrogen sulfide. The research
program would, idedlly, investigate this hypothesis for a least two, quite different lake types:

1 low productivity, high oxygen lakes which are high in dkdinity; and
2. highly productive lakes which are anoxic or suboxic for at least a portion of the year.

Research conducted by one member of our study team suggests that talings high in cacium
(e.0. lime-bearing talings) may significantly reduce phosphate regeneration from the sediments
which, in turn, may influence primary production ratesin the lake. This sudy would evauete the
sediment and water chemidtry data collected to test this hypothesis.

It is suggested that Ste-gpecific experiments on lacustrine biota be designed to establish the
impacts of heavy metads on both the infauna and epifauna.  Organiams which reside in the
sediments (infauna) can have a significant influence on the degree of mixing that occurs, which in
turn may influence the mobilization of metdls. Metd levels within the tissues of the infauna and
epifauna may reflect metd uptake rates and the potentia for transfer to, and bioaccumulation in
other organiams.  The mohility of fish may make interpretation of metd levels in their tissues
difficult to correlate to mine waste disposd, particularly if historica or pre-discharge information
is not available. Because of the high interest in fish by both regulatory agencies and the public,
however, selection of one or two suitable species (e.g. based on low mobility, longer life-gpans,
or higher trophic level feeders) is considered appropriate.
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Based on a combination of theory and empirical case study data, initia attempts were made at
developing a decision model with which to evauate the suitability of future underwater waste
disposad drategies. These efforts were confounded, however, by the insufficient and/or
unreliable data that exist which document conditions at existing subaqueous digposd dtes. This
barrier to developing a systematic and comprehensive method for evauating discharge options
reinforces the need for the research initiatives outlined above. Such research will directly assist
in the development of a decison model that will incorporate both physica theory and empiricd,
geochemicd, limnological and biologicd data in a criticd path framework for evauating the
environmenta efficacy of subaqueous disposa of reactive mine wastes.

Examples of physcd parameters to be included in the modd include the extent and profile of
the mine waste deposit, |ake bathymetry (particularly near the disposal area), turnover patterns
and flushing rates. Dissolved oxygen and pH, particularly near the sediment/weter interface,
which dong with andysis of dissolved metds and sdts in the lake water, represent some of the
chemicd parameters which must be conddered. Sediment chemidry, interdtitid water
chemidtry, organic carbon content of sediments, metal partitioning and speciation in sediments,
the presence of oxidized mineras and evidence of potassum scavenging in the sediments are all
pertinent condderations. Biologica/limnologica parameters, as described earlier, must include
lake productivity, degree of bioturbation in sediments, and meta levels in representative infauna,
epifauna and fish species.

The decison modd will incorporate the parameters of concern to subagueous disposa
identified above and those refined through field study. Once developed, the modd will have a
very practicad application for both industry and government in the screening of disposd
dternatives based on a pragmatic fata flaw approach that identifies key potentia problem areas
with proposed discharge strategies. Overal, benefits from developing and applying the decision
model will accrue to industry in terms of effectively choosing methods to dispose of reective
mine wastes and to government charged with the respongbility of ensuring wastes are disposed
of in amanner conggtent with the protection of the natural environment.



Report Lis

References

Acres Internationd Ltd., 1987. Sherridon Mine Tailings Phase A - Engineering Alternatives to
Control Acid Generation. Project P7474.02, per May 19, 1987 J.G. Macpherson transmittal
|etter.

Adair, FW. and Gunderson K. 1969. Chemoautotrophic sulphur becteria in the marine
environment. 1. Isolation, cultivetion, digtribution. Can. J. Micro, 15:345-354.

Addman, I.R., Smith, L.L. and Sesennop, G.D. 1976. Acute toxicity of sodium chloride,
pentachlorophenol, GuthionR and hexavdent chromium to fathead minnows (Pimephales
promelas) and goldfish (Carassius auratus). J. Fish. Res. Bd. Can., 33:203-208.

Albright, R. 1987. Prediction of acid drainagein meguma dates. Proc. Acid Mine Drainage
Seminar/Workshop, Halifax, Nova Scotia. Published by Environment Canada. p. 245-261

Alderdice, D.F. and Brett, JR. 1957. Toxicty of sodium arsenite to young chum samon.
Prog. Rept. Pac. Biol. Sat., 108:27-29.

Alderdice, D.F. and McLean, W.E. 1982. A review of the potentid influence of heavy metds
on samonid fishes in the Campbdl River, Vancouver Idand, British Columbia. Can. Tech.
Rep. Fish. Aquat. Sci. 1104, 60 pp.

Alexander, G.R. and Hansen, EAA. 1983. Effects of sand bedload sediment on a brook trout
population. Mich. Dept. Nat. Resources, Fish. Div., Fish. Research Rept. No. 1906, 50 pp.

Allan, RJ. 1979/80. Heavy metds in bottom sediments of Great Save Lake (Canada): A
reconnaissance. Environ. Geol., 3:49.

Aller, RC. 1983. The importance of the diffusve permesbility of anima burrow linings in
determining marine sadiment chemidry. Jour. Mar. Res., 41:299-322.



Anderson, P.D. and Bong, H. 1988. Effects of liming on the distribution of cadmium in weter,
sediment, and organisms in a Swedish lake. Can. J. Fish. Aquat. <ci., 45:1154-1162.

Anderson, P.D. and Weber, L.J. 1975. The toxicity to aguatic populations of mixtures
containing certain heavy metds. In: Proc. Int. Conf. on Heavy Metals in the Environment,
Toronto, Ontario. Val. I, Part 1, pp. 933-953.

Anderson, R.F. and Schiff, S.L. 1987. Alkdinity generation and the fate of sulphur in lake
sediments. Can. J. Fish. Aquat. Sci., 44:188-193.

Andros, J.D. and Garton, R.R. 1980. Acute lethdity of copper, cadmium, and zinc to northern
squawfish Trans. Am. Fish. Soc., 109:235-238.

Anonymous. 1976. Heavy metd accumulation in estuarine sediments in a higorical mining of
Cornwall. Mar. Pall. Bull., 7:147.

Aplin, C.L. and Argdl, G.O., J. (Eds) 1972. Tailing Disposa Today. Proceedings of the
First International Tailing Symposium, Tucson, Arizona; October 31 to November 3,
1972. Miller Freeman Publications, San Francisco, Cdifornia

Arctic Land Use Research Program (ALUR). 1971-72. Department of Indian Affairs and
Northern Development.

. Sudies of Mine Waste Containment at Mining Stes on Great Bear Lake, 1971-72.
31/E.5-14.

. Sudies of Mine Waste Containment at Two Mines near Yellowknife, N.W.T.,
1971-72. 31/E.5-16.

Toxicity of Mine Flotation Reagents 1971-72. 31/E.5-21.

Arkesteyn, G.JM.W. 1979. Pyrite oxidation by Thiobacillus ferrooxidans with specid
reference to the sulphur moiety of the mineral.  Antonie van Laeurvenhoek (Microbiology),
45:423-435.

Arkesteyn, GJM.W. 1980. Pyrite oxidation in acid sulphate soils The role of
microorganisms. Plant and Soil, 54:119-134.

Arthur, JW. and Leonard, E.N. 1970. Effects of copper on Gammarus pseudolimnoseus,
Physa integra, and Campeloma decisum in soft water. J. Fish. Res. Bd. Can., 27:1277-
1283.

Arts, M.T. and Sprules, W.G. 1987. Energy reserves of three zooplankton species from two
lakes with different metd concentration. Can. J. Fish. Aquat. <ci., 44:458-466.

Atchison, G.J, Murphy, B.R., Bishop, W.E., Mclntosh, A.W. and Mayes, RA. 1977. Trace
meta contamination of bluegill (Lepomis macrochirus) from two Indiana lakes. Trans. Am.
Fish Soc., 106:637-640.

Baas Becking, L.G.M., Kaplan, I.R. and Moore, D. 1960. Limitsof the natural environment in
terms of pH and oxidation-reduction potentials. Geology, 68:243-284.

Baker, M.D., Wong, P.T.S,, Chan, Y K., Mayfield, C.I. and Inniss, W.E. 1983. Methylation
of arsenic by freshwater green dgae. Can. J. Fish. Aquat. <ci., 40:1254-1257.

Bdidrieri, L.S. and Murray, JW. 1982. The adsorption of Cu, Pb, Zn and Cd on goethite
from mgjor ion seawater. Geochim. Cosmochim. Acta, 46:1253-1265.

Bdidrieri, L.S. and Murray, JW. 1984. Marine scavenging: trace meta adsorption by
interfaciad sediments from MANOP Site H. Geochim. Cosmochim. Acta, 48:921-929.



Bdidrieri, L.S. and Murray, JW. 1986. The surface chemistry of sediments from the Panama
Badn: the influence of Mn oxides on metal absorption. Geochim. Cosmochim. Acta,
50:2235-2243.

Barr, D.A. 1980. Goldin the Canadian Cordillera. CIM Bulletin, June 1980. p. 59.

Barton, D.R. and Wallace, R.R. 1979. The €ffects of an experimenta spillage of oil sands
talings dudge on benthic invertebrates. Env. Pollution, 18:305-312.

Bates, S.S. Letourneau, M., Tesser, A. and Campbel, P.G.C. 1983. Variaton in zinc
adsorption and trangport during growth of Chlamydomonas variabilis (Chlorophycese) in
batch culture with daily addition of zinc. Can. J. Fish. Aquat. Sci., 40:895-904.

Bates, S.S., Tesser, A., Campbdl, P.G.C. and Letourneau, M. 1985. Zince-phosphorus
interactions and varigion in zinc accumulation during growth of Chlamydomonas variabilis
(Chlorophycese) in batch culture. Can. J. Fish. Aquat. Sci., 42:86-94.

B.C. Research. 1970. The Disposal of Mining and Milling Wastes with Particular
Reference to Underwater Disposal. B.C. Dept. of Lands, Forests and Water Resources,
Water Resources Service.

Beak Consultants Limited. 1982. A qualitative evaluation of long-term processes
governing the behaviour of uranium mill tailings placed in deep lakes. A Research Study
conducted for the Atomic Energy Control Board, INFO-0070. March, 1982.

Bdl, A.V. 1988. Acid Waste Rock Management at Canadian Base Metd Mines. In: United
States Bureau of Mines (USBM). Information Circular No. 1C 9184, Mine Drainage and
Surface Mine Reclamation. pp. 192-199.

Bender, M.L. and Heggie, D.T. 1984. Fate of organic carbon reaching the deep sea floor: a
status report. Geochim. Cosmochim. Acta, 48:977-986.

Benoit, D.A., Leonard, E.N., Christensen, G.M. and Fandt, JT. 1976. Toxic effects of
cadmium on the generations of brook trout (Salvelinus fontinalis). Trans. Am. Fish. Soc.,
105:550-560.

Benson, L.VV. 1982. A tabulation and evauation of ion exchange data on smectites. Environ.
Geoal., 4:23.

Berg, L. and Northcote, T.G. 1985. Changesin territorid, gill-flaring, and feeding behaviour in
juvenile coho sdmon (Oncorhynchus kisutch) following short-term pulses of suspended
sediment. Can. J. Fish Aquat. ci., 42:1410-1417.

Berner, RA. 1964. Iron sulphides formed from agueous solution at low temperatures and
atmospheric pressure. Jour. Geol., 72:293-306.

Berner, RA. 1969. Migration of iron and sulphur within anaerobic sediments during early
diageness. Amer. Jour. i, 267:19-42.

Berner, RA. 1971. Principles of Chemical Sedimentology. McGraw-Hill, New Y ork,
240 p.

Berner, RA. 1975. Diagenetic modds of dissolved species in the interstitial waters of
compacting sediments. Amer. Jour. ci., 275:88-96.

Berner, RA. 1976. The benthic boundary layer from the viewpoint of a geochemist. In The
Benthic Boundary Layer, I.N. McCave, Ed., Plenum, New York. pp. 33-55.

Berner, RA. 1980. Early Diagenesis - A Theoretical Approach (Princeton Series in
Geochemidiry). Princeton University Press, Princeton, New Jersey.



Berry, V.K., Murr, L.E. and Hiskey, JB. 1978. Gdvanic interaction between chacopyrite
and pyrite during bacteria leaching of low-grade waste. Hydrometallurgy 3:309-326.

Besch, K.W. and Roberts-Pichett, P. 1970. Effects of mining pollution on vascular plants in
the Northwest Miramichi River sygem. Can. J. Bot., 48:1647-1656.

Best, JL. 1988. Sediment transport and bed morphology at river channd confluences.
Sedimentology, 35:481-498.

Bhappu, R.B. 1986. Behaviour of Iron in Dump and Hegp Leaching. Mountain State Minera
EnterprisesInc. Tucson, Arizona, U.SA. In: Dutrizac, JE. and A.J. Monhemius (Eds). Iron
Control in Hydrometallurgy. (J. Wiley & Sons, Canada). 183 pp.

Biesnger, K.E., Andrew, RW. and Arthur, JW. 1974. Chronic toxicity of NTA
(nitrilotrimcetate) and meta-NTA complexes to Daphnia magna. J. Fish. Res. Bd. Can.,
31:486-490.

Biesinger, K.E. and Chrigtensen, G.IM. 1972. Effects of various metas on surviva, growth,
reproduction and metabolism of Daphnia magna. J. Fish. Res. Bd. Can., 29:1691-1700.

Bindra, K.S. and Hall, K.J. 1978. Bioaccumulation of Selected Trace Metals by Benthic
Invertebrates in Laboratory Bioassays. Draft Manuscript, November 1978.

Black, G.A.P., Hinton, D.J., Johnston, H.C. and Sprague, JB. 1976. Annotated list of copper
concentrations found harmful to aquatic organisms. Tech. Rept. Fish. Res. Bd. Can., 603:44.

Blaise, C. and Couture, P. 1984. Bioassay (Selenastrum capricornutum) detection of the
effects of mine talings on the aquatic environment: toxicity of enrichment in essentid dements?
Hydrobiologia, 114:39-50.

Blowes, D.W., Cherry, JA. and Reardon, E.J. 1987. The hydrogeochemistry of four inactive
tallings impoundments. Perspectives on tallings pore-water evolution. Proceedings, 1987
National Symposium on Mining, Hydrology, Sedimentology, and Reclamation, University
of Kentucky, Lexington, Kentucky, December 7-11, 1987.

Blowes, D.W., Chery, JA. and Reardon, E.J. 1988. Field observations on the rate of
geochemica evolution of tailings pore waters at the Heath Stedle Mine, New Brunswick. Paper
presented at The International Groundwater Symposium, International Association of
Hydrogeologists Haifax, Nova Scotia, May 1-4, 1988.

Blowes, D.W., Cherry, JA. and Reardon, E.J. 1988. Geochemicd evolution of four inactive
sulphide-rich talings impoundments in Canada. Peper presented a the International
Conference on Control of Environmental Problems from Metal Mines, Roros, Norway,
June 20-24, 1988.

Blowes, D.W., Ptacek, C.J., Reardon, E.J. and Cherry, JA. 1988. Sulphate reduction as an
in situ abatement dternative for acidic minetailings. Applied Geochemistry.

Bodaly, R.A., Strange, N.E., Hecky, R.E., Fudge, R.J.P. and Axema, C. 1987. Mercury
content of soil, vegetation, lake sediment, net plankton and forage fish in the area of the
Churchill River diverson, Manitoba, 1981-82. Can. Data Rep. Fish. Aquat. Sci., 610;33 pp.

Bodammer, JE. 1985. Corned damage in larvae of striped bass Morone saxatilis exposed
to copper. Trans. Am. Fish. Soc., 114:577-583.

Bogner, JE. 1982/83. Prediction of extractable metals in retention pond sediments a surface
cod mines. Environ. Geol., 4:223-238.

Bohm-Tuchy, E. 1959. Pasmdemma und Aluminiumsaz-Wirkung.  Protoplasma
52:108-142.



Bohn, A., Zdlen, M. and Jack, T R. 1981. Garow Lake A plausible solution to tailing
disposa from Polaris Mine. A paper submitted to the British Columbia Water and Waste
Association Annual Conference, Penticton, B.C. April 28, 1981.

Bohn, G. 1988. Mine's seepage poses thresat to river. The Vancouver Sun, News/Editorid,
February 12.

Bohn, G. 1988. Breaking up rock sets off production of toxic cocktail. The Vancouver Sun,
February 12.

Borgmann, U. 1980. Interactive effects of metalsin mixtures on biomass production kinetics of
freshwater copepods. Can. J. Fish. Aquat. Sci., 37:1295-1302.

Borgmann, U., Kramar, O. and Loveridge, C. 1978. Rates of mortdity, growth and biomass
production of Lymnasea palustris during chronic exposure to lead. J. Fish. Res. Bd. Can.,
35:1109-1115.

Borgmann, U. and Raph, K.M. 1986. Effects of cadmium, 24-dichlorophenol, and
pentachlorophenol on feeding, growth and particle-size-converson efficiency of white sucker
larvae and young common shiners. Arch. Environ. Contam. Toxicol., 15:473-480.

Boudreau, B.P. and Guinaso, N.L. 1982. The influence of a diffusive sublayer on accretion,
dissolution and diagenesis a the seafloor. In: The Dynamic Environment of the Sea Floor.
K. Fanning and F. Manheim (eds.). pp. 115-146. Lexington Press.

Bouldin, D.R. 1968. Modes for describing the diffuson of oxygen and other mobile
condtituents across the mudwater interface. J. Ecol., 56:77-87.

Bourg, A.CM. 1988. Meds in aquatic and terrestrial systems. sorption, speciation, and
mohbilizetion. In: Chemistry and Biology of Solid Waste, W. Sdomons and U. Forstner, eds.
Springer-Verlag, Berlin. pp. 3-32.

Boyce, N.P. and Yamada, S.B. 1977. Effects of aparasite, Eubothrium salvelini (Cestoda:
Psudophylliden), on the resistance of juvenile sockeye sdlmon, Oncorhynchus nerka, to zinc.
J. Fish. Res. Bd. Can., 34:706-709.

Boyd, JM., Cater, T.G., Knapp, RA., and Culver, K.B. 1982. Hydrogeological
investigations and evauation of the Stanleigh Mine tailings impoundment Ste. Manage. Wastes
Uranium Min. Milling, Proc. Int. Symp.:145-156.

Brenner, F.J,, Corbett, S. and Shertzer, R. 1976. Effect of ferric hydroxide suspension on
blood chemigry in the common shiner, Notropus cormutus. Trans. Am. Fish. Soc.,
105:450-454.

Briand, F., Trucco, R. and Ramamoorthy, S. 1978. Corrdations between specific dgae and
heavy metd binding in lakes. J. Fish. Res. Board Can., 35:1482-1485.

Bridge, J.S. and Best, JL. 1988. Flow, sediment trangport and bedform dynamics over the
trangtion from dunes to upper-stage plane beds. implications for the formation of planar
laminae. Sedimentology, 35:753-764.

Brierley, C.L. and Murr, L.E. 1973. Leaching: use of a thermophilic and chemoautotrophic
microbe. Science, 179:488-490.

Broderius, SJ., Smith, L.L. and Lind, D.T. 1977. Rdative toxicity of free cyanide and
dissolved sulphide forms to the fathead minnow (Pimephales promelas). J. Fish. Res. Bd.
Can., 34:2323-2332.

Brown, S.B., Evans, RE., Thompson, B.E. and Hara, T.J. 1982. Chemoreception and
aquatic pollution. In: T.J Hara (ed) Chemoreception in fishes. Elsevier, Amdterdam,
pp. 363-393.



Brungs, N.A., Leonard, E.N. and McKim, JM. 1973. Acute and long-term accumulation of
copper by the brown bullhead, Ictalurus nebulosus. J. Fish. Res. Bd. Can., 30:583-586.

Brunskill, G.J., Graham, B.W. and Rudd, JW.H. 1980. Experimentd studies on the effect of
arsenic on microbid hydration of organic matter and dgd growth. Can. J. Fish. Aquat. <ci.,
37:415-423.

Bruynesteyn, A. and Duncan, D.W. 1979. Determination of acid production potentia of waste
materids. Trans. Met. Soc. AIME, Paper A-79-29.

Buhler, D.R., Stokes, R.M. and Caldwell, R.S. 1977. Tissue accumulation and enzymatic
effects of hexavdent chromium in rainbow trout (Salmo gairdneri). J. Fish. Res. Bd. Can.,
34:9-18.

Bukata, R.P. and Bobba, A.G. 1983/84. Determination of diffuson coefficients associated
with the transport of 210Pb radionuclidesin lake bed sediments. Environ. Geol., 5:133-142.

Burgess, B.A., Chasteen, N.D. and Gaudette, HE  1975/76. Electron paramagnetic
resonance spectroscopy: a suggested approach to trace metal analysis in marine environments.
Environ. Geol., 1:171-180.

Burkin, A.R. 1966. The Chemistry of Hydrometallurgical Processes. SPON's/London
(SPON's Generd and Industrid Chemistry Series).

Burling, RW., Mclnerney, JE. and Oldham, W.K. 1981. A Technical Assessment of the
AMAX/Kitsault Molybdenum Mine Tailings Discharge to Alice Arm, British Columbia.
Prepared for the Department of Fisheries and Oceans, Canada. Corrected reprint, August 4,
1981.

Burling, RW., Mclnerney, JE. and Oldham, W.K. 1983. A Continuing Technical
Assessment of the AMAX/Kitsault Molybdenum Mine Tailings Discharge to Alice Arm,
British Columbia. Prepared for the Department of Fisheries and Oceans, Canada. Corrected
copy, September 28, 1983.

Burton, T.M. and Allan, JW. 1986. Influence of pH, auminum, and organic matter on stream
invertebrates. Can. J. Fish. Aquat. <ci., 43:1285-1289.

Cane, T.W., Debicki, RL. Goodwin, JA. and Wilcox, A.F. 1981. Index to Mining
Assessment Reports  Northern Affairs Program, Mining Divison.

Cacagno, T.H. and Ashley, G.IM. 1984. Sedimentation processes in an impoundment, Union
Lake, New Jersey. Environ. Geol. and Water <ci., 6:237.

Campbell, P.G.C. et a. 1988. Biologically Available Metals in Sediments Nationa
Research Council of Canada Publication No. NRCC 27694.

Campbell, P.G.C., Tesser, A., Bisson, M. and Bougie, R. 1985. Accumulation of copper and
zinc in the ydlow water lily, Nuphar variegatum: rdationships to metd partitioning in the
adjacent lake sediments. Can. J. Fish. Aquat. ., 42:23-32.

Canadian Council of Resource and Environment Minigers (CCREM). 1987. Canadian
Water Quality Guidelines. Prepared by the CCREM Task Force on Water Quality
Guiddines. March 1987.

Canadian Mines Handbook (Annual) 1988-89. Northern Miner Press Limited.

Canadian Mining Journal. 1989. Reference Manua and Buyers Guide (Annud): Mill
operating grinding data. pp. 63, 68.

Carignan, R. 1985. Zinc depodtion in acid lakes the role of diffuson. Science, 228:1524-
1526.



Carignan, R. and Nriagu, JO. 1985. Trace metal deposition and mobility in the sediments of
two lakes near Sudbury, Ontario. Geochim. Cosmochim. Acta, 49:1753-1764.

Caruccio, F.T. and Geidd, G. 1981. Egtimating the minimum acid load that can be expected
from acod strip mine. Symposium on Surface Mining Hydrology, University of Kentucky,
pp. 117-112.

Caruccio, F.T. and Geidd, G. 1984. The nature, occurrence and prediction of acid mine
drainage from cod grip mines. A Study Guide, National Symposium on Surface Mining
Hydrology, Sedimentology and Reclamation, University of Kentucky.

Chamberlain, V.A. and Pharo, CH. 1981. Geochemistry: Kootenay Lake, B.C., IV. EPS
Data Report.

Chapman, G.A. 1978a. Toxicities of cadmium, copper, and zinc to four juvenile stages of
chinook sdmon and stedlhead. Trans. Am. Fish. Soc., 107:841-847.

Chapman, G.A. 1978b. Effects of continuous zinc exposure on sockeye salmon during adult-
to-smdt freshwater resdency. Trans. Am. Fish. Soc., 107:828-836.

Charleton, M.N. 1980. Hypolimnion consumption in lakes discusson of productivity and
morphometry effects. Can. J. Fish. Aquat. <., 37:1531-39.

Chen, T.T. and Cabri, L.J. 1986. Mineraogica overview of iron control in hydrometdlurgica
processng. CANMET. Ottawa, Ontario, Canada. In Dutrizac, JE. and A.J. Monhemius
(Eds). Iron Control in Hydrometallurgy. (J. Wiley & Sons, Canada). 19 pp.

Cherry, JA., Mord, FM.M., Rouse, JV., Schnoor, JL. and Wolman, M.G. 1986.
Hydrogeochemistry of sulphide and arsenic-rich tailings and aluvium aong Whitewood Creek,
South Dakota. Mineral and Energy Resources Bulletin, 29(4):12 pp., (5):16 pp., (6):16 pp.,
Colorado School of Mines Press, Golden, Colorado.

City Resources (Canada) Limited, 1988. Stage Il Report - Cinola Gold Project, Queen
Charlotte Idands, B.C.

Clarke, M.JR. 1980. A preliminary review of Buttle Lake water quality. Waste
Management Branch, Ministry of Environment, Report No. 80-2, February. Victoria, B.C.,
32 pp., Appendices 1-4.

Clark, RMcV. 1974. The effects of effluents from metal mines on aquatic ecosystems in
Canada. A literaturereview. Tech. Rept. Fish. Res. Bd. Can., 488:150 pp.

Clarke, T.A., Swift, D.JP. and Young, RA. 1982. A numericad modd of fine sediment
transport on the continenta shelf. Environ. Geol., 4:117.

Clements, W.D., Cherry, D.S. and Cairns, J. 1988. Impact of heavy metds on insect
communities in streams. a comparison of observationa and experimenta results. Can. J. Fish.
Aquat. ., 45:2017-2025.

Cleveland, L., Little, E.E., Hamilton, S.J., Buckler, D.R. and Hunn, JB. 1986. Interactive
toxicity of duminum and acidity to early life stages of brook trout. Trans. Am. Fish. Soc.,
115:610-620.

Cloke, PL. 1966. The geochemical application of Eh-pH diagrams. J. Geol. Educ.,
4:140-148.

Cochran, R.C. 1987. Effectsof cod leachates on fish spermatogenesis. Can. J. Fish. Aquat.
i, 44:134-139.

Colmer, A.R. and Hinkle, M.E. 1947. The role of microorganisms in acid mine drainage: a
preliminary report. Science, 106:253-256.



Colmer, A.R., Temple, K.L. and Hinkle, M.E. 1950. An iron-oxidizing bacterium from the
acid drainage of some bituminous cod mines. Jour. of Bacteriol., 59:317-328.

Cominco. 1982. Cominco Amendment to Pollution Control Permit PE-189, November 23,
1982.

Conddine, D.M. (Ed.) 1989. Scentific Encyclopedia, 7th Edition, Vol. | and Ill. Van
Nostrand.

Conway, HL. 1978. Sorption of arsenic and cadmium and their effects on growth,
micronutrient utilizetion, and photosynthetic pigment composition of Asterionella formosa. J.
Fish. Res. Bd. Can., 35:286-294.

Conway, H.L. and Williams, S.C. 1979. Sorption of cadmium and its effect on growth and the
utilization of inorganic carbon and phosphorus of two freshwater distoms. J. Fish. Res. Bd.
Can., 36:579-586.

Cornwell, J.C. 1986. Diagenetic trace metal profilesin Arctic lake sediments. Environ. Sci.
Technol., 20:299-302.

Crouse, M.R,, Cdlahan, CA., Makeg, K.W. and Domingway, SE. 1981. Effects of fine
sediments on growth of juvenile coho sdmon in laboratory streams. Trans. Am. Fish. Soc.,
110:281-286.

Dave, NK. Lim, T.P, Swick, R. Blackfoot, R. 1986. Geophyscd and
biohydrogeochemica investigations of an inactive sulphide tailings basin, Noranda, Quebec,
Canada. In: 1986 National Symposium on Mining, Hydrology, Sedimentology and
Reclamation.

Davis, JC. and Shand, I.G. 1978. Acute and sublethd copper senstivity, growth and
cdlulation survivd in young Babine Lake sockeye sdmon. Tech. Rept. Fish. Res. Bd. Can.,
847,55 pp.

Debicki, R.L. 1983. Placer Mining Industry in Yukon and Atlin Mining Division, B.C.
February 29, 1983. Project No. 43, Placer Report No. 1. Report jointly funded by the YRBS
with DIAND under the terms of "An Agreement Respecting Studies and Planning of Water
Resourcesin the Y ukon River Basin'.

Degens, E-T. 1965. Geochemistry of Sediments Prentice-Hal, Englewood Cliffs, N.J,
634 p.

DeKock, Caroll W. 1982. Thermodynamic Properties of Selected Transtion Meta
Sulphates and Their Hydrates. U.S. Bureau of Mines Information Circular 8910/1982.

DeKock, Carroll W. 1986. Thermodynamic Properties of Selected Metal Sulphates and Their
Hydrates. U.S. Bureau of Mines Information Circular 9081/1986.

Deaune, R.D. and Smith C.J. 1985. Reease of nutrients and heavy metds following oxidation
of freshwater and sdine sediment. J. Environ. Qual. 14:164-168.

de March, B.G.E. 1983. The behaviour of the amphipod Gammarus lacustris exposed to
various hydrogen ion and copper concentrations in a preference-avoidance trough. Can. Tech.
Rep. Fish. Aquat. Sci., 1187;12 pp.

de March, B.G.E. 1988. Acute toxicity of binary mixtures of five cations (Cu2+, Cd2+, Zn2+,
Mg2+, and K+) to the freshwater amphipod Gammarus lacustris (Surs): dterndive
descriptive modds. Can. J. Fish. Aquat. Sci.

Deniseger, J., Erickson, L.J,, Austin, A., Roch. M., and Clark, M.JR. 1988. The effects of
decreasing heavy metal concentrations on the biota of Buttle Lake; Vancouver Island,



British Columbia. Waste Management, Ministry of Environemtn and Parks, Province of B.C.,
32 pp.

Denny, P. and Welsh, R.P. 1979. Lead accumulation in plankton blooms from Ullswater, the
English Lake Didrict. Environ. Pollution, 18:1-9.

Departments of Indian Affairs and Northern Development, Fisheries and Oceans, and
Environment Canada. 1983. Yukon Placer Mining Guidelines. February, 1983.

Dickson, K.L., Maki, A.W. and Cairns, J. J. (Eds) 1981. Modding the fate of chemicasin
the aguatic environment. Proceedings of 4th Pellston Environmental Workshop,
August 16-21, 1981. Ann Arbor Science, Butterworth Group, 1982. 413 pp.

Dixon, D.G. and Sprague, JB. 1981. Acclimation to copper by rainbow trout (Salmo
gairdneri) - amodifying factor in toxicity. Can. J. Fish. Aquat. Sci., 38:880-888.

Dominik, J, Mangini, A. and Prog, F. 1983/84. Sedimentation rate variations and
anthropogenic meta fluxes into Lake Congtance sediments. Environ. Geal., 5:151-158.

Doran, G.V. 1984. Granduc Mine Water Quality Study - Final Report (with gopendix
volume). Canada Wide Mines Ltd., Stewart, B.C.

Dorfman, D. and Whitworth, W.R. 1969. Effects of fluctuaions of lead, temperature, and
dissolved oxygen on the growth of brook trout. J. Fish. Res. Bd. Can., 26:2493-2501.

Douglas, R.P. 1984. The Industry Perspective, in Mining Communities. Hard Lessons for
the Future, Proceedings No. 14 (June). Center for Resource Studies, Queen's Universty,
p. 67.

Drever, JI. 1982. Chapter 13 - Trace Elements. In: The Geochemistry of Natural Waters.
Prentice-Hall Inc., New Jersey.

Drummond, R.A., Spoor, W.A. and Olson, G.F. 1973. Some short-term indicators of
subletha effects of copper on brook trout, Selvelinus fontinalis. J. Fish. Res. Bd. Can.,
30:698-701.

Duncan, D.A. and Klaverkamp, JF. 1983. Tolerance and resistance to cadmium in white
suckers (Catostomus commersoni), previoudy exposed to cadmium, mercury, zinc, or
sdenium. Can. J. Fish. Aquat. <ci., 40:128-138.

Duncan, D.W. and Drummond, A.D. 1973. Microbiologica leaching of porphyry copper type
minerdization: post-leaching observations. Can. J. Earth Sci., 10:476.

Duncan, W.FA. and Nel, EM. 1987. Improving aguatic environmental assessment in
Canada - anorthern case study. Water Pollut. Res. J. Can., 22:545-558.

Duston, N.M., Owen, RM. and Wilkinson, B.H. 1986. Water chemistry and
sedimentological observations in Littlefidd Lake, Michigan: implications for lacugtrine merd
deposition. Environ. Geol. and Water ci., 8:229-236.

Duthie, H.C. and Carter, JH.C. 1970. The meromixis of Sunfish Lake, southern Ontario - Cu
in sunfish. J. Fish. Res. Bd. Can., 27:847-856.

Dutrizac, JE. and A.J. Monhemius (Eds). 1986. Iron Control in Hydrometallurgy, J. Wiley
& Sons, Canada. pp. 19ff and 183ff.

Dyrssen, D. Metd complex formation in sulphidic seawater. Mar. Chem., 15:285-293.

Eaton, A. 1978/79. Leachable trace elements in San Francisco Bay sediments: Indicators of
sources and estuarine processes. Environ. Geol., 2:333-340.

Eccles, A.G. 1977. Pollution control at Western Mines Myra Falls operation. CIMM Bull.,
70:141-147.



Report Lis

Ellis, D.V. (Ed.) 1982. Marine Tailings Disposal. Ann Arbor Science Publishers, Ann
Arbor, Michigan. 368 pp.

Ellis D.V. 1986. The need for exchange of reclamation information between surface and
marine mining operations. In: Proceedings of the National Symposium on Mining,
Hydrology, Sedimentology and Reclamation. December 8-11, 1986. Lexington, Kentucky.

Ellis, D.V. 1987. A decade of environmental impact assessment of marine and coastal mines.
Marine Mining. 6:385-417.

Ellis D.V. 1987. Case higories of coasta marine mines. In: Chemistry and Biology of Solid
Waste Salomons, W. and U. Forsiner (Eds.) Springer: Berlin. pp. 73-100.

Ellis D.V. and Littlepage, JL. 1972. Marine discharge of mine wastes: ecosystem effects and
monitoring programs. CIMM Bull., 65:45-50.

Ellis D.V. and Taylor, L. 1988. Biologicd Enginesring of Marine Tallings Beds. In:
Environmental Management of Solid Wastes. Sdomons, W. and U. Forstner (Eds.).
Springer: Berlin. pp. 185-207.

Elson, PF. 1974. Impact of recent economic growth and industrial development on the
ecology of northwest Miramichi Atlantic saimon (Salmo salar). J. Fish. Res. Bd. Can,,
31:521-544.

Elson, P.F., Meigter, A.L., Saunders, JW., Saunders, R.L., Sprague, J.B. and Zitko, V. 1973.
Impact of chemicd pollution on Atlantic sdlmon in North America Internat. Atlantic Salmon
Symposium, St. Andrews, N.B. pp. 83-110.

Emerson, S 1976. Ealy diageness in anagrobic lake sediments: chemica equilibria in
interdtitial waters. Geochim. Cosmochim. Acta, 40:925-934.

Emerson, S. and Hedges, JI. 1988. Processes controlling the organic carbon content of open
ocean sediments. Paleoceanography 3.

Emerson, S, Jahnke, R., and Heggie, D. 1984. Sediment-water exchange in shalow water
estuarine sediments. Jour. Mar. Res., 42:709-730.

Emerson, S. and Widmer, G. 1978. Early diageness in anaerobic lake sedimentsl.
Thermodynamic and kinetic factors controlling the formation of iron phosphate.  Geochim.
Cosmochim. Acta, 42:1307-1316.

Energy, Mines and Resources Canada. 1987. Canadian Mineral Deposits Not Being Mined
in 1986 (June 1986). Minerd Bulletin MR 213 (update of MR 198, 1984 and prior volumes).

Engineering and Mining Journal. 1976. State agencies rgect Reserve Mining ste for
taconite tails disposal. 177:41.

Engineering and Mining Journal. 1972. E/MJ Outlook. Reserve Mining Co. faces another
court action, 173:9.

Engler, RM. 1978. Impacts associated with discharge of dredged material in open water.
EPA-600/3-78-094.

Engler, RM. and Patrick, W.H. J. 1973. Stability of sulphides of manganese, iron, zinc,
copper, and mercury in flooded and nonflooded soil. Soil Science:217-221.



Environment Canada, Environmental Protection Service.

Biological and Water Quality Surveys at Potential Mines in the Northwest
Territories. 1. Camlaren Gold Property, Gordon Lake Manuscript Report NW-78-5,
June, 1978.

Biological and Water Quality Surveys at Potential Mines in the Northwest
Territories. 1. Inco Gold Property, Conwoyto Lake Manuscript Report NW-78-6, June,
1978.

Biological and Water Quality Surveys at Potential Mines in the Northwest
Territories. 11l. Giant Salmita Gold Property, at Mathews Lake Manuscript Report
NW-78-7, June, 1978.

. Brothers, D.E. 1978. Marine Environmental Assessment of Tasu Sound, British
Columbia, June, 1977. Regiona Program Report 78-12.

Cook, R.H., Hoos, R A.W. and Hawkins, P. 1972. New Brunswick Mine Water
Quality Monitoring Program. Water Pollution Control Divison, Maritime Region.

Fisheries and Environment Canada (now Environment Canada). A Brief Presented to
the Pollution Inquiry into the Mining, Mine Milling and Smelting Industries of British
Columbia. Vancouver, British Columbia

. Godin, B. 1988. Water Quality and Sediment Analysis for the Buck Creek System
Adjacent Equity Slver Mine near Houston, B.C., May 21 and June 19-20, 1987. Regiona
Program Report 88-01, September.

. Goyette, D. and Nelson, H. 1977. Marine Environmental Assessment of Mine
Waste Disposal into Rupert Inlet, British Columbia. December.

. Guthrie, D.R.  1985. Bioaccumulation from AMAX/Kitsault Tailings. Regiond
Manuscript Report 85-02, February.

. Halam, R.L. 1976. Baseline Sudies of the Watershed Adjacent to Northair Mines
Ltd., Brandywine, B.C. Pollution Abatement Branch, Report Number EPS5-PR-76-1,
February.

. Halam, R. and Kussat, R.H. 1974. A Biological Survey of the Watershed Adjacent
to a Proposed Mine Ste near Houston, B.C. Report Number EPS 5-PR-74-4, February.

. Hdlam, R., Kussat, R. and Jones, M. 1974. A Biological Assessment of Benson
Lake following Cessation of Deep Lake Tailings Disposal. Survellance Report EPS
5-PR-74-2, duly.

Hicks, F.J. 1974. The Iron Ore Industry of Western Labrador and Some Effects
of its Waste Disposal Practices on the Aquatic Environment, EPS-5-AR-74-2, January.

. Hoos, RA.W. and Holman, W.N. 1973. A Preliminary Assessment of the Effects
of Anvil Mine on the Environmental Quality of Rose Creek, Yukon. Pollution Abatement
Branch, Report Number EPS 5-PR-73-8, October.

. Hoos, R A.W. and Holman, W.N. 1973. Pacific Region Mine Effluent Chemistry
and Acute Toxicity Survey, 1973. Pollution Abatement Branch, Report Number
EPS 5-PR-73-10, December.

. Kdin, M. 1983. Long-term Ecological Behaviour of Abandoned Uranium Mill
Tailings. 1. Symoptic Survey and Identification of Invading Biota. Report Number EPS-
4-ES-83-1, 147 pp.



. Kelso, B.W., Robson, W. and Weagle, K. 1977. An Assessment of the Pre-
development Water Quality and Biological Conditions in the Water Shed Around the
Minto Ore Body. Manuscript Report 77-9, September.

. Kussat, R.H., Jones, M. and Lawley, B. 1972. A Cursory Evaluation of the Deep
Lake Tailings Disposal System at Cominco's Benson Lake Operation. Manuscript Report
1972-1, Fisheries Service,

. Mine and Mill Wastewater Treatment. 1987. Report Number EPS 2/MM/3,
December; supersedes the 1975 EPS 3-WP-75-5.

Moore, JW. 1978. Biological and Water Quality Surveys at Potential Mines in
the Northwest Territories. 1l. Inco Gold Property, Contwoyto Lake Manuscript Report
NW-78-6, June.

Neson, H. and Goyette, D. 1976. Heavy Metal Contamination in Shellfish with
Emphasis on Zinc Contamination of the Pacific Oyster, Crassostrea gigas. Pollution
Abatement Branch, Report Number EPS 5-PR-76-2, January.

. Robson, W. and Weagle, K. 1978. The Effect of the Abandoned Venus Mines
Tailings Pond on the Aquatic Environment of Windy Arm, Tagish Lake, Yukon Territory.
Regiona Program Report 78-13, May.

. Ross, M. and Godin, B. 1987. Receiving Water and Effluent Quality at Scottie
Gold Minesin 1982 and 1983. Regiona Data Report DR 87-02, January.

. Scott, J.S. and Bragg, K. (eds). 1975. Mine and Mill Wastewater Treatment.
Report No. EPS 3-WP-75-5 (superseded by EPS 2/MM/3, December (1987)).

Sullivan, D.L. 1987. Compilation and Assessment of Research, Monitoring and
Dumping Information for Active Dump Stes on the British Columbia and Yukon Coasts
from 1979 to 1987. Manuscript Report 87-02, March.

. Villamere, J,, Trasolini, G. and Cook, T. 1978. Compliance Evaluation of the
Cominco-Sullivan Mine, Kimberley, B.C. Regiona Program Report 78-6, April.

. Villamere, J, Trasolini, G. and Wile, K. 1978. Compliance Evaluation of the
Cyprus Anvil Mine, Faro, Yukon Territory. Regiond Program Report 78-5, May.

. Villamere, J, Trasolini, G. and Wile, K. 1978. Compliance Evaluation of the
Slvana Mine, New Denver, British Columbia. Regiond Program Report 78-10, July.

. Weagle, K., Robson, W. and Gullen, K. 1976. Water Quality and Biological
Survey at Arctic Gold and Slver Mines Ltd., Yukon Territory, Summer, 1975. Report
Number EPS 5-PR-76-10, September.

Environment Canada, Fisheries and Oceans. 1983. Rationale for the Suspended Solids
Standards for Yukon Streams Subject to Placer Mining. February, 1983. Prepared for the
I nterdepartmental Committee on Placer Mining.

Environment Canada, Fisheries and Oceans. 1983. A Rationale for the Classification of
Rivers, Streams, and Lakes in the Yukon Territory in Relationship to the Placer Mining
Guidelines. Prepared for the Interdepartmental Committee on Placer Mining.

Environment Canada, Inland Waters Directorate, Nationd Water Research Inditute
(IWD/INWRI).

Allan, RJ. 1979. Sediment - Related Fluvial Transmission of Contaminants;
Some Advances by 1979. Scientific Series No. 107.

Allan, RJ 1986. The Role of Particulate Matter in the Fate of Contaminants in
Aquatic Ecosystems Scientific Series No. 142.



Report Lis

. Charlton, M.N. 1979. Hypolimnetic Oxygen Depletion in Central Lake Erie: Has
There Been Any Change? Scientific Series No. 110.

Coakley, JP. 1977. Processes in Sediment Deposition and Shoreline
Changesin the Point Pelee Area, Ontario. Scientific Series No. 79.

. Ddey, R.J.,, Carmack, E.C. Gray, C.B.J,, Pharo, C.H., Jasper, S. and Wiegand, R.C.
1981. The Effects of Upstream Impoundments on the Limnology of Kootenay Lake, B.C.
Scientific Series No. 117.

. Deorme, L.D. and El-Shaarawi, A.H. 1978. The Estimation of Sample Sze
Required in Chemical Limnology and Autecology of Shelled Invertebrates. Sderntific
Series No. 85.

. Demayo, A., Davis A.R. and Forbes, M.A. 1978. Forms of Metals in Water.
Scientific Series No. 87.

. Dick, T.M. 1985. Rivers, Research and Sediment. NWRI Contribution 85-07, Dick
(32).

. Durham, RW. and Goble, R.J. 1977. A Radiotracer Technique for Measuring
Sediment Movement. Scientific Series No. 80.

Durham, RW. and Pang, T. 1976. Asbestiform Fibre Levelsin Lakes Superior and
Huron. Scientific Series No. 67.

. El-Shaarawi, A.H. and Shah, K.R. 1978. Satistical Procedures for Classification
of a Lake Scientific Series No. 86.

Ford, JS. 1984. Prototypes d'appareils pour les etudes et mesures en milieu
aquatique (Prototypes of apparatus for study and measurement in an aquatic
environment), 1984. Technicd Bulletin No. 143.

. Freeze, RA. 1969. Regional Groundwater Flow - Old Wives Lake Drainage
Basin, Saskatchewan. Scientific Series No. 5.

. Hamblin, PF. 1971. Circulation and Water Movement in Lake Erie. Sderntific
SeriesNo. 7.

. Harris, G.P. 1973. Vertical Mixing Mechanisms and their Effects on Primary
Production of Phytoplankton. Scientific Sercies No. 33.

. Holder-Franklin, M.A. 1981. Methods of Studying Population Shifts in Aquatic
Bacteria in Response to Environmental Change. Scientific Series No. 124.

. Jackson, R.E. and Inch K.J. 1980. Hydrogeochemical Processes Affecting the
Migration of Radionuclides in a Fluvial Sand Aquifer at the Chalk River Nuclear
Laboratories. National Hydrology Research Ingtitute Paper No. 7, Scientific Series No. 104.

Kirkland, R.A. and Gray, C.B.J. 1986. Reconnaissance of the Chemical and
Biological Limnology in Four Large Lakes of the Yukon River Basin. Nationd Hydrology
Research Indtitute Paper No. 33. Scientific SeriesNo. 153.

. Krishnagppan, B.G. 1975. Dispersion of Granular Material Dumped in Deep
Water. Scientific Series No. 55.

Krishnagppan, B.G. and Snider, N. 1977. Mathematical Modelling of Sediment-
Laden Flowsin Natural Streams  Scientific Series No. 81.

. Lum, K.R. and Bhupsingh, W.A.M. 1983. The Leaching of Some Elements of
Environmental Importance in Blast Furnace and Steel Making Sags. NWRI Contribution
No. 8318.



Maguire, RJ. 1975. Effects of Ice and Show Cover on Transmission of Light in
Lakas Scientific Series No. 54.

Murthy, C.R. and Miners, K.C. 1978. Turbulent Diffusion Processes in the Great
Lakes. Scientific Series No. 83.

. Neson, D.E. and Coakley, JP. 1974. Techniques for Tracing Sediment
Movement. Scientific Series No. 32.

. Oliver, B.G. and Agemian, H. 1974. Further Studies on the Heavy Metal Levelsin
Ottawa and Rideau River Sediments Scientific Series No. 37.

. Oliver, B.G. and Kinrade, J. 1972. Heavy Metal Concentrations in Ottawa River
and Rideau River Sediments. Scientific Series No. 14.

. Pharo, CH. and Chamberlain, V.A. 1979a. Kootenay Lake, B.C. lIl.
Sedimentology. With Appendix. Nationd Water Research Indtitute, West VVancouver, B.C.
Unpub. data report.

. Pharo, CH. and Chamberlain, V.A. 1979a. Kootenay Lake, B.C. IV.
Geochemistry. With Appendix. National Water Research Indtitute, West VVancouver, B.C.
Unpub. data report.

. Rao, S.S. and Henderson, J. 1974. Summary Report of Microbiological Baseline
Data on Lake Superior, 1973. Scientific Series No. 45.

. Sly, P.G. 1984. Biological Considerations for Open Water Disposal of Dredged
Material in the Great Lakes. Scientific Series No. 137.

. Sy, P.G. 1977. A Report on Sudies of the Effects of Dredging and Disposal in
the Great Lakes with Emphasis on Canadian Waters. Scientific SeriesNo. 77.

Thomas, R.L., Kemp, A.L.W. and Lewis, CF.M. 1972. Report on the Surficial
Sediment Distribution of the Great Lakes. Part 1-Lake Ontario. Scientific Series No. 10.

Vonhof, JA. 1983. Hydrogeological and Hydrochemical Investigation of the
Waste Disposal Basin at I.M.C.C. K2 Potash Plant, Esterhazy, Saskatchewan. Scientific
Series No. 116.

Walis, P.M. 1979. Sources, Transportation, and Utilization of Dissolved Organic
Matter in Groundwater and Sreams. Scientific Series No. 100.

Environmenta Protection, Conservation and Protection, DOE. 1987. Newhawk gold Mines
Ltd. Sulphurets Gold/Slver Project. Compendium of Prospectus Review Comments.
October 1987.

Environmental Protection Service.  1976.  Environmental information for mining
developmentsin the north. EPS-8-NW76-1.

Equity Silver Mines Ltd. 1988. Decommissioning and Closure Plan. Houston, B.C. (cf.
Patterson and Gallinger, 1988).

Evanglun, V.P., Roberts, K. and Szskeres, B.W. 1985. The use of an automated apparatus
for determining cod spoil carbonate types content and reectivity. Symposium on Surface
Mining, Surface Mining, Hydrology, Sedimentaology and Reclamation, Universty of
Kentucky, pp. 163-166.

Evans, JB., Ellis, D.V. and Pdletier, CA. 1972. The establishment and implementation of a
monitoring program for underwater taling digposal in Rupert Inlet, Vancouver Idand, British
Columbia. In: Tailing Disposal Today. Proceedings of the First International Tailing
Symposium, Tucson, Arizona; October 31 to November 3, 1972. p. 512.



Evans, RD., Andrews, D. and Cornett, R.J. 1988. Chemicd fractionation and bioavailability
of cobalt-60 to benthic deposit-feeders. Can. J. Fish. Aquat. <ci., 40:228-236.

Evans, RD. and Lasenby, D.C. 1983. Reationship between body-lead concentration of
Mysis relicta and sediment-lead concentration in Kootenay Lake, B.C. Can. J. Fish. Aquat.
i, 40:78-81.

E.V.S. Consultants Ltd. 1980. Availability of Metals from Inorganic Particulates (Mine
Tailings) for Uptake by Marine Invertebrates. Contract Project 646 for Dr. M. Wadichuk,
Department of Fisheries and Oceans.

E.V.S. Conaultants Ltd. 1976. Literature Survey for the Development of a Marine
Toxicity Assessment System. A report prepared for Environmenta Protection Service,
Environment Canada, VVancouver, British Columbia Contract #0SS5-2108, December, 1976.

Fdlis, BW. 1982. Trace metds in sediments and biota from Strathcona Sound, NWT,
Nanisvik Marine Monitoring Programme, 1974-1979. Can. Tech. Rep. of Fish. & Aquat.
Sci. 1082; 34 pp.

Farmer, JG, Swan, D.S. and Baxter, M.S. 1980. Records and sources of metal pollutantsin
adated Loch Lomond sediment core. <ci. Tot. Environ., 16:131-147.

Fenchel, T. and Blackburn, T.H. 1979. Bacteria and Mineral Cycling. Academic Press,
London. 225 pp.

Ferguson, K.D. 1988. Environmenta Regulaion of the Mining Industry in Canada. Paper
presented at International Conference on Control of Environmental Problems from Metal
Mines. Roros, Norway, June 20-24, 1988.

Ferguson, K.D. and Errington, J.C. 1987. Planning for acid mine drainage. Presented at 11th
CIM District Sx Meeting. October 30-31, 1987, Vancouver, B.C.

Finkeman, R.B. and Giffin, D.E. 1986. Hydrogen peroxide oxidation: an improved method for
rgpidly assessing acid generating potentid of sediments and sedimentary rocks. Rec. and
Reveg. Res., 5:521-534.

Finlayson, B.J. and Verrue, K.M. 1982. Toxicities of copper, zinc, and cadmium mixtures to
juvenile chinook sdmon. Trans. Am. Fish. Soc., 111:645-650.

Forstner, U. 1977b. Meta concentration in recent lacustrine sediments.  Arch. Hydrobiol.,
80:172-191.

Forgtner, U. 1977c. Metad concentrations in freshwater sediments - natura background and
culturd effects. In: Interactions between Sediments and Fresh Water. Golterman, H.L.
(ed.). Pudoc/Junk B.V., Wageningen/The Hague. pp. 94-103.

Forstner, U. and Wittmann, G.T.W. 1983. Metal Pollution in the Aquatic Environment
(2nd Revised Edition). Springer - Verlag, Berlin/New York. 486 pp.

Framson, P.E. and Leckie, JO. 1978. Limits of coprecipitation of cadmium and ferrous
sulphides. Environ. Sci. Technol., 12:465-469.

Franzin, W.G. and McFarlane, GA. 1980. An andyss of the aguatic macrophyte,
Myriophyllum exalbescans, as an indicator of metal contamination of aguatic ecosystems near
abase metad smdter. Bull. Environ. Contam. Toxicol., 24:597-605.

Fraser, WW. 1989. Hudson Bay Mining and Smeting, Flin Flon, Manitoba - persona
communication.

Frodich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke, N.A., Heeth, G.R,, Cullen, D.,
Dauphin, P., Hammond, D., Hartman, B., and Maynard, V. 1979. Early oxidation of organic



matter in pelagic sediments of the eastern equatoria Atlantic: suboxic diageness. Geochim.
Cosmochim. Acta, 43:1075-1090.

Fuhrmann, M. and Dayd, R. 1982. A sedimentologica study of the dredged materia deposit
inthe New York Bight. Environ. Geol., 4:1-14.

Gdlinger, R. 1988. Reclamation in Changing Economic Times. Proceedings of the Twelfth
Annual British Columbia Mine Reclamation Symposium, Vernon, British Columbia. June 1
to 3, 1988.

Gardner, M.B. 1981. Effects of turbidity on feeding rates and sdectivity of bluegills. Trans.
Am. Fish. Soc., 110:446-450.

Garrels, R.M. 1960. Mineral Equilibria at Low Temperature and Pressure. Harper Bros.,
New York

Gards, RM. and Chrigt, C.L. 1965. Solutions, Minerals, and Equilibria. Freeman,
Cooper and Co., San Francisco, CA.

Gares, RM. and Howard, P. 1957. Reactions of feldspars and mica with water a low
temperature and pressure. Proc. 6th Nat. Conf. Clays Clay Minerals.

Gards, RM. and MacKenzie, F.T. 1967. Origin of the chemica compostions of some
gorings and lakes. In: Equilibrium Concepts in Natural Water Systems, R.F. Gould (ed.).
American Chemica Society Publications, Washington, D.C.

Giattina, JD., Garton, R.R. and Stevens, D.G. 1982. Avoidance of copper and nickel by
rainbow trout as monitored by a computer-based data acquisition system. Trans. Am. Fish.
Soc., 111:491-504.

Gibson, RB. 1978. The Strathcona Mining Project: A case study of decison-making.
Science Council of Canada, Background Sudy No. 42, 274 pp.

Giesy, JP., J., Briese, L.A. and Leversee, J. 1978. Metal binding capacity of selected main
surface waters. Environ. Geol., 2:257-268.

Gilbert, R. 1969. Some Aspects of the Hydrology of Ice-dammed Lakes. Observations on
Summit Lake, British Columbia. M.A. Thess. Depatment of Geography, University of
British Columbia. 94 pp.

Giles, M.A. 1984. Electrolyte and water baance in plasma and urine of rainbow trout (Salmo
gairdneri) during chronic exposure to cadmium. Can. J. Fish. Aquat. Sci., 41:1678-1685.

Giles, M.AA. 1988. Accumulation of cadmium by rainbow trout, Salmo gairdneri, during
extended exposure. Can. J. Fish. Aquat. ci., 45:1045-1053.

Giles, M.A. and Klaverkamp, JF. 1981. The acute toxicity of vanadium and copper to eyes
and eggs of rainbow trout (Salmo gairdneri). Water Res., 16:885-889.

Gillespie, D.C. and Scott, D.P. 1972. Mohilization of mercuric sulfide from sediment into fish
under aerobic condition. J. Fish. Res. Bd. Can., 28:1807-1808.

Glasby, G.P. 1973. Interdtitid waters in marine and lacustrine sediments. review, Jour. Roy.
Soc. New Zealand, 3:43-59.

Gobell, C., Silverberg, N., Sundby, B., and Cossa, D. 1987. Cadmium diageness in
Laurentian Trough sediments. Geochim. Cosmochim. Acta, 51:589-596.

Goldhaber, M.B. 1982. Experimentd study of metastable sulphur oxy-anion formation during
pyrite oxidation a pH 6-9 and 30°C. Am. Jour. <ci., 283:193-217.

Goodman, G.T. and Chadwick, M.J. (Eds)) 1978. Environmental Management of Mineral
Wastes, Yorkshire, Cardiff. NATO Advanced Study Indtitutes Series. Series E: Applied



Science - No. 7. Sijthoff & Noordhoff, 1978. 367 pp. See dso Goodman, G.T. and
Chadwick, M.J. (Eds) 1978. Environmental Management of Mineral Wastes.
Proceedings of the NATO Advanced Study Ingtitute on Waste Disposal and the Renewa and
Management of Degraded Environments. Yorkshire, Cardiff, Cornwal (UK), and Ruhr
(BRD), July 13-28, 1983.

Goyette, D. and Nelson, H. 1977. Marine Environmental Assessment of Mine Waste
Disposal into Rupert Inlet, British Columbia. B.C. Dept. of the Environment, Environmenta
Protection Service, Protection Branch.

Grace, R. 1989. B.C. Minigtry of Environment and Parks (MOEP) (Kamloops) - personal
communication.

Gradall, K.S. and Swenson, W.A. 1982. Responses of brook trout and creek chubs to
turbidity. Trans. Am. Fish. Soc., 111:392-395.

Groudev, SN. 1983. Oxidation of zinc sulphides by Thiobacillus ferrooxidans and
Thiobacillus thiooxidans. Comptes Rendus de I'Academie bulgare des Sciences 36(1).

Guerra, F. 1972. Characterigtics of tailings from a soils engineer's viewpoint (Iron Ore Co. of
Canada, Wabush Lake). Tailing Disposal Today. Proceedings of the First International
Tailing Symposium. In: Tucson, Arizona, October 31 to November 3, 1972. p. 102.

Gun, JM. and Noakes, D.L.G. 1987. Latent effects of pulse exposure to duminum and low
pH on sze, ionic compostion, and feeding efficiency of late trout Galvelinus namaycush)
devin. Can. J. Fish. Aquat. Sci., 44:1418-1424.

Habashi, F. 1971. The dectrometdlurgy of sulphides in agueous solution. Min. Sci. and
Eng., 3:3-12.

Habashi, F. 1978. Chalcopyrite - Its Chemistry and Metallurgy. McGraw-Hill, New
York. 165 p.

Hadley, R.F. and Snow, D.T. (Eds.). 1974. Water Resource Problems Related to Mining,
Proceeding No. 18. American Water Resources Association. Minnegpolis, Minnesota.

Hakanson, L. and Kalgsrom, A. 1978. An equation of sate for biologicdly active lake
sediments and its implications for interpretations of sediment data  Sedimentology,
25:205-226.

Halbert, B.E., Scharer, JM., Chakravatti, JL. and Barnes, E. 1982. Modelling of underwater
digposd of uranium mine tailings in Elliott Lake. International Symposium on Management
of Wastes for Uranium Mining and Milling, IAEA-SM-262, Albuquerque.

Habert, B.E., Scharer, JM., Knapp, R.A. and Gorber, D.M. 1983. Determination of acid
generation rates in pyritic mine talings. Pres. 56th Annual Conference Water Pollution
Control Federation, October 2-7. Atlanta, Georgia. pp. 15.

Hal, RJ, Baley, RC. and Findeis, J 1988. Factors affecting surviva and cation
concentration in the blackflies (Prosimulium fuscum/mixtum) and the magfly (Leptophlebia
cupida) during spring snowmdt. Can. J. Fish. Aquat. <ci., 45:2123-2132.

Hall, R.J. and Northcote, T.G. 1986. Conductivity-temperature standardization and dissolved
solids estimation in ameromictic sdinelake. Can. J. Fish. Aquat. Sci., 43:2450-2454.

Halam, R.L., Kussat, R.H. and Jones, M. 1975. Environmental Impact Information of the
Proposed Equity Mining Capital Ltd. Development near Houston, B.C. Environmenta
Protection Service, Environment Canada, Manuscript Report 75-1, June.

Hamilton, R. and Fraser, WW. 1978. A case history of natural underwater revegetation:
Mandy Mine high sulphidetalings. Reclamation Review, 1:61-65.



Hamilton, RD. 1976. Aquatic environmental qudity: toxicology. J. Fish. Res. Bd. Can.,
33:2671-2688.

Hamilton, SJ.,, Mehrle, P.M. and Jones, JR. 1987a. Cadmium-saturation technique for
measuring metalothionein in brook trout. Trans. Am. Fish. Soc., 116:541-550.

Hamilton, SJ, Mehrle, PM. and Jones, JR. 1987b. Evauation of metalothionein
measurement as abiologica indicator of stress from cadmium in brook trout. Trans. Am. Fish.
Soc., 116:551-560.

Hamilton, SJ. and Reash, R.J. 1988. Bone development in creek chub from a stream
chronicaly polluted with heavy metds. Trans. Am. Fish. Soc., 117:48-54.

Hamilton-Taylor, John. 1979. Enrichments of zinc, lead, and copper in recent sediments of
Windermere, England. Environ. ci. Technol., 13:693-697.

Hara, T.J. 1972. Electricd responses to the olfactory bulb of Pacific sdmon (Oncorhynchus
nerka) and (Oncorhynchus kisutch). J. Fish. Res. Bd. Can., 29:1351-1355.

Hara, T.J. 1981. Behavioura and dectrophysologica studies of chemosensory reactions in
fish. In: P.J. Laming (ed.) Brain Mechanisms of Behaviour in Lower Vertebrates. pp. 123-
136. Camb. Univ. Press, New York, N.Y.

Hara, T.J, Law, Y.M.C. and Macdonadd, S. 1976. Effects of mercury and copper on the
olfactory responsein rainbow trout, Salmo gairdneri. J. Fish. Res. Bd. Can., 7:1568-1673.

Harries, JR., Hendy, Nord Ritchie, AIM. 1987. Rate Controls on Leaching in Pyritic Mine
Wastes.

Harrison, G.1., Campbell, P.G.C. and Tesser, A. 1986. Effects of pH changes on zinc uptake
by Chlamydomonas variabilis grown in batch culture. Can. J. Fish. Aquat. <ci., 43:687-
693.

Harrison, SE. 1975. Factors influencing the acute toxicity of copper sulphate to rainbow trout.
Tech. Rept. Fish. Res. Bd. Can., 573;6 pp.

Hatman, AM. 1978. Mercury feeding schedules. effects of accumulation, retention, and
behaviour in trout. Trans. Am. Fish. Assoc., 107:369-375.

Harty, D.M. and Terlecky, P.M. 1986. Extraction procedure testing of solid wastes generated
a sdected meta ore mines and mills. Environ. Geol. and Water <ci., 8:161.

Harvey, K.H. 1976. Aquatic environmental qudity: problems and proposds. J. Fish. Res.
Bd. Can., 33:2634-2670.

Hatfidd, C.T. and Williams, GL. 1976. A summay of possble enviromenta effects of
disposing mine tailings into Strathcona Sound, Baffin Idand. ALUR 75-76-38, 76 pp.

Havas, M. and Likens, G.E. 1985. Toxicity of duminum and hydrogen ions to Daphnia
catawba, Holopedium gibberum, Chaoborus punctipennis, and Chironomus anthrocinus
from Mirror Lake, New Hampshire. Can. J. Zool., 63:1114-1119.

Havas, M. and Hutchinson, T.C. 1982. Aquatic invertebrates from the Smoking Hills,
N.W.T.: effect of pH and metds on mortdity. Can. J. Fish. Aquat. Sci., 39:890-903.

Hawthorne, F.C. 1989. Universty of Manitoba, Department of Geologica Sciences -
personad communication.

Hecky, R.E., Bodaly, R.A., Strange, N.E., Ramsay, D.J., Anema, C. and Judge, R.J.P. 1987.
Mercury bioaccumulation in yelow perch in limnocorras smulating the effects of reservoir
formation. Can. Data Rept., Fish. Aquat. <ci., 628:158.



Report Lis

Herbert, D.W.M. and Merkens, JC. 1961. The effect of suspended mineral solids on the
aurvivd of trout. Int. J. Air Water Pollut., 5:46-55.

Hesdein, RH. 1987. Whole-lake metal radiotracer movement in fertilized lake basins. Can.
J. of Fish. Aquat. <ci., 44:74-82.

Hickey, M.T. and Kittrick, JA. 1984. Chemica partitioning of cadmium, copper, nickel, and
zinc in soils and sediments containing high leves of heavy metds. J. Environ. Qual., 13:372-
376.

Hodson, P.V. 1975. Zinc uptake by Atlantic sdmon Salmo salar) exposed to a letha
concentration of zinc at 3, 11, and 19°C. J. Fish. Res. Bd. Can., 32:2532-2556.

Hodson, P.V. 1976a. -amino levulinir acid dehydratase activity of fish blood as an indicator
of aharmful exposureto lead. J. Fish. Res. Bd. Can., 33:268-271.

Hodson, P.V. 1976b. Temperature effects on lactate-glycogen metabolism in zinc-intoxicated
rainbow trout (Salmo gairdneri). J. Fish. Res. Bd. Can., 33:1393-1397.

Hodson, P.V., Blunt, B.R. and Spry, D.J. 1978. pH-induced changes in blood lead of |ead-
exposed rainbow trout (Salmo gairdneri). J. Fish. Res. Bd. Can. , 35:437-445.

Hodson, P.V., Blunt, B.R., Spry, D.J. and Augten, K. 1977. Evauation of erythrocyte
-amino levulinic acid dehydratase activity as a short-term indicator in fish of a harmful
exposure to lead. J. Fish. Res. Bd. Can., 34:501-508.

Hodson, P.V., Dixon, D.G., Spry, D.J, Whittle, D.H. and Sprague, JB. 1982. Effect of
growth rate and size of fish on rate of intoxication by waterborne lead. Can. J. Fish. Aguat.
i, 39:1243-1251.

Hodson, P.V., Hilton, JW., Blunt, B.R. and Slinger, S.J. 1980. Effects of dietary ascorbic
acid on chronic lead toxicity to young rainbow trout (Salmo gairdneri). Can. J. Fish. Aquat.
i, 37:170-176.

Hodson, P.V. and Sprague, JB. 1975. Temperature-induced changes in acute toxicity of zinc
to Atlantic sdmon (Salmo salar). J. Fish. Res. Bd. Can., 32:1-10.

Hoff, JT., Thompson, JA.J. and Wong, C.S. 1982. Heavy metd release from mine talings
into seawater - alaboratory study. Mar. Pall. Bull., 13:283-286.

Holcombe, G.W., Benoit, D.A. and Leonard, E.N. 1979. Long-term effects of zinc exposures
on brook trout (Salvelinus fontinalis). Trans. Am. Fish. Soc., 108:76-87.

Holcombe, G.W., Benoit, D.A., Leonard, E.N. and McKim, JM. 1976. Long-term effects of
lead exposure on three generations of brook trout (Salvelinus fontinalis). J. Fish. Res. Bd.
Can., 33:1742-1750.



Holdren, G.C. and Berner, RA., 1979. Mechanism of feldspar weathering - 1. Experimental
gudies. Geochim. Cosmochim. Acta., 43:1161-1171.

Holdren, G.C. and Armgtrong, D.E. 1980. Factors affecting phosphorus release from intact
lake sediment cores. Environ. Sci. Technol., 14:79-87.

Holmes, D. 1989. B.C. Minigry of Environment and Parks (Kamloops) - persona
communication.

Horkel, JD. and Pearson, W.D. 1976. Effects of turbidity on ventilation rates and oxygen
consumption of green sunfish (Lepomis cyanellas). Trans. Am. Fish. Soc., 105:107-113.

Houston, AH. and Keen, JE. 1984. Cadmium inhibition of erythropoiesis in goldfish,
Carassiusauratus. Can. J. Fish. Aquat. <ci., 41:1829-1834.

Howarth, R.S. and Sprague, JB. 1978. Copper lethdity to rainbow trout in waters of various
hardness and pH. Water Res., 12:455-462.

Howarth, RW. 1979. Pyrite: itsrgpid formation in sat marsh and its importance in ecosystem
metabolism. Science 203, 49-51.

Huckabee, JW., Janzen, SA., Blaylock, B.G., Tadmi, Y. and Beauchamp, JJ. 1978.
Methylated mercury in brook trout (Salvelinus fontinalis), aosence of an in vivo methylating
process. Trans. Am. Fish. Soc., 107:848-852.

Hutchinson, G.E. 1957. A Treatise on Limnology, Vol. |, Geography, Physics, and
Chemistry. John Wiley & Sons, Inc., New York.

Hutchinson, G.E. 1967. A Treatise on Limnology, Vol. |1, Introduction to Lake Biology
and the Limnoplankton. John Wiley & Sons, Inc., New Y ork.

Hutchinson, M., Johngtone, K.I. and White, D. 1966. The taxonomy of the acidophilic
thiobecilli. Jour. of Gen. Microbiol., 44:373-381.

Hyne, N.J. 1978. The digribution and source of organic matter in reservoir sediments.
Environ. Geol., 2:279-288.

IEC Internationd Environmental Consultants Ltd. 1982, Rossland Project - Stagel
Submission to Seering Committee for Development of New Metal Mines. September,
1982 for David Minerds Ltd.

IMPC. 1982. Proceedings of XIV International Mineral Processing Congress - Preprint
materids in connection with sesson #8 - Round Table Seminar on Submarine and Lake
Digposd of Mill Tailing, October 17-23, 1982, Toronto, Ontario. pp. 67.

Jackson, T.A. 1978. The biogeochemistry of heavy metds in polluted lakes and streams at
Flin Hon, Canada, and a proposed method for limiting heavy-metd pollution of natura waters.
Environ. Geol. and Water <ci., 2.

Jackson, T.A. 1988. Accumulation of mercury by plankton and benthic invertebrates in lakes
of northern Manitoba (Canada): importance of regionaly and seasondly varying environmenta
factors. Can. J. Fish. Aquat. Sci., 45:1744-1757.

Jackson, T.A., Kipphut, G., Hesdlein, R.H. and Schindler, D.W. 1980. Experimenta study of
trace metal chemigry in soft-water lakes a different pH levels. Can. J. Fish. Aquat. i,
37:387-402.

Jacob, S. and Rice, C. 1987. Potential mining impacts on the fisheries resources of the
Iskut, Craig and Samotua river systems Prepared for Tahltan Triba Council.

Jacobs, L.A. and Emerson, S. 1982. Trace metad solubility in an anoxic fjord. Earth Planet.
ci Lett., 60:237-252.



Jacobs, L.A., Emerson, S. and Skei, J. 1985. Partitioning and transport of metals across the
oxygen/hydrogen sulphide interface in a permanently anoxic basin: Framvaren fjord, Norway.
Geochim. Cosmochim. Acta, 49:1433-1444.

Jarman, P. 1989. Persond communication of water quality monitoring data from B.C. Ministry
of Environment and Parks, 1984 informa report.

Jenne, EA. and Luoma, SN. 1977. Forms of trace dements in soils, sediments, and
associated waters: an overview of their determination and biologicd availability. In: Biological
Implications of Metals in the Environment, Drucker, H., and Wildung, R.R., eds., Technica
Information Centre, Energy Reserach and Development Adminigtration, Sumposium Series 42,
1977, pp. 110-143.

Johnson, M.G. 1987. Trace dement loadings to sediments of fourteen Ontario lakes and
correlations with concentretionsiin fish. Can. J. Fish. Aquat. Sci., 44:3-13.

Johnson, M.G., Michaski, M.F.P. and Christa, A.E. 1970. Effects of acid mine wastes on
phytoplankton communities of two northern Ontario lakes. J. Fish. Res. Bd. Can., 27:425-
444,

Jones, K.P.N., McCave, I.N. and Patel, P.D. 1988. A computer-interfaced sedigraph for
model sze andlyss of fine-grained sediment. Sedimentol ogy, 35:105.

Jorgensen, B.B. 1977. The sulphur cycle of a coasta marine sediment (Limfjorden, Denmark).
Limnol. Oceanogr., 22:814-832.

Jorgensen, B.B. 1982a. Ecology of the bacteria of the sulphur cycle with specid reference to
anoxic-oxic interface environments. Phil Trans. Roy. Soc. London, ser. B, 298:543-561.

Jorgensen, B.B. 1982b. Minerdization of organic matter in the sea bed - the role of sulphate
reduction. Nature, 296:643-645.

Jorgensen, B.B. 1983. Proceses a the sediment-water interface. In Bolin, B. and
Cook, R.B. (Eds). The Major Biochemical Cycles and Their Interactions. pp. 477-515.

Kadko, D., Cochran, JK. and Lyle, M. 1987. The effect of bioturbation and adsorption
gradients on solid and dissolved radium profiles in sediments from around the eastern Equatorid
Pecific. Jour. Geophys. Res., 89:6567-6570.

Kadko, D. and Heath, G.R. 1984. Models of depth dependent bioturbation at MANOP Site
H in the eastern equatorid Pacific. Jour. Geophys. Res., 89:6567-6570.

Kaiser, K.L.E. 1980. Corrdation and prediction of meta toxicity to aguetic biota. Can. J.
Fish. Aquat. Sci., 37:211-218.

Kamet, J. 1989. NorandaMinerasInc., Vancouver - persona communication.

Karavaiko, G.I. 1978. Microflora of land microenvironments and its role in the turnover of
substances.  Environmental Biogeochemistry and Geomicrobiology, Volume 2: The
Terrestrial Environment. W.E. Krumbein (ed.). Ann Arbor Science Publishers Inc., Ann
Arbor, Michigan.

Keeney, D.R. 1978/79. Prediction of the quaity of water in a proposed impoundment in
southwestern Wisconsin, U.SA. Environ. Geol., 2:341-350.

Kemp, A.L.W., Thomas, R.L., Ddl, Cl., Jaquet, JM. 1976. Cultura impact on the
geochemigry of sedimentsin Lake Erie. J. Fish. Res. Board Can., 33:440-462.

Kennedy, L.P. and Hawthorne, F.C. 1989. Personal Communication with G.W. Paling.

Kennedy, L.P. and Hawthorne, F.C. 1987. "A Mineralogical Study of Mine Tailings from
Farley and Sherridon, Northern Manitoba”. Phase | Report. Department of Geologica
Sciences, University of Manitoba.



Ker, Priestman & Associates Ltd. 1980. Scottie Gold Mines Ltd. - Summit Lake, B.C.
Sage | Report (5 Appendices). KDA File: 1490. February, 1980.

Kilborn Ltd. (Toronto, Ontario) 1979. Assessment of the Long Term Suitability of Present
and Proposed Methods for the Management of Uranium Mill Tailings. Report No.:
INFO-0024. 392 pp.

Kim, A.G., Heisey, Bernice S., Kleinmann, Robert L.P., and Deul, Maurice. 1982. Acid mine
drainage: control and abatement research. U.S. Bureau of Mines Information Circular 8905.

Kimball, G.L., Smith, L.L. and Broderius, S.J. 1978. Chronic toxicity of hydrogen cyanide to
the bluegill. Trans. Am. Fish. Soc., 107:341-345.

Kinsd, N.A. 1960. New sulphur oxidizing iron bacterium: Ferrobacillus sulfooxidans. Jour.
of Bacteriol., 80:628-632.

Kirk-Othmer Encyclopedia of Chemica Technology, 3rd Ed., (23 volumes with Index and
Suppl. Index Val.).

Klevakoper, H., Waxman, J.B. and Matis, JH. 1973. Interaction of temperature and copper
ions as orienting simuli in the locomotor behaviour of the goldfish Carassius auratus). J.
Fish. Res. Bd. Can., 30:725-728.

Klevakoper, H., Westlake, G.F., Mdtis, JH. and Gender, P.J. 1972. Orientation of goldfish
(Carassius auratus) in response to a shalow gradient of subletha concentration of copper in
an open fidd. J. Fish. Res. Bd. Can., 29:45-54.

Klump, JV. and Martens, C.S. 1981. Biogeochemicd cycling in an organic-rich coasta
marine basin. 1l. Nutrient sediment-water exchange processes. Geochim. Cosmochim. Acta,
45:101-121.

Knapp, R.A., SENES Consultants Ltd., Willowdae, Ontario. 1981. Underwater Tailings
Disposal Literature Review. Chapter 2, Draft Report of Stage | Working Group, Contract
Project on Elliot Lake Uranium Tailings. Unpublished study. 27 pp.

Knapp, RA. 1987. The biochemigtry of acid generation in sulphide tailings and waste rock.
Symposium on Acid Mine Drainage, Haifax.

Kovacs, T.G. and Leduc, G. 1982a. Sublethd toxicity of cyanide to rainbow trout (Salmo
gairdneri) a different temperatures. Can. J. Fish. Aquat. Sci., 39:1389-1395.

Kovacs, T.G. and Leduc, G. 1982b. Acute toxicity of cyanide to rainbow trout Galmo
gairdneri) acclimated at different temperatures. Can. J. Fish. Aquat. Sci., 39:1426-1429.

Kuit, W.J. 1982. The Polaris Mine talings disposd in the high Arctic, paper presented at the
Marine Tailings Disposal Symposium, Ketchikan, Alaska, March 22-23.

Kuit, W.J. and Gowans, JK. 1982. Tailings Disposd in an Arctic Environment. Unpublished
draft.

Kuit, W.J. 1989. Cominco Engineering Services Ltd. (CESL)-personal communication.

Kuznetsov, V.I. 1957. Surface Energy of Solids. Dept. of cientific and Industrial
Research of Great Britain. Her Mgesty's Stationery Office (HMSO).

Laarman, P.W., Willford, W.A. and Olson, JR. 1976. Retention of mercury in the muscle of
yellow perch (Perca flevescans) and rock bass (Ambloplites rupetris). Trans. Am. Fish.
Soc., 105:296-300.

Lamb, D.S. and Bailey, G.C. 1981. Acute and chronic effects of dum to midge larvae
(Diptera: Chironomidae). Bull. Environ. Contam. Toxicol., 27:59-67.



Lasaga, A.C. and Halland, H.D. 1976. Mathematical aspects of non-steady-state diagenesis.
Geochim. Cosmochim. Acta, 40:257-266.

Lassarre, P. 1976. Metabalic activities of benthic microfauna and meiofauna: recent advances
and review of suitable methods of andyss, in The Benthic Boundary Layer (ed. I.N.
McCave), Plenum Press, New York, pp. 95-142.

Lauren, D.J. and McDonald, D.G. 1987a. Acclimation to copper by rainbow trout, Salmo
gairdneri: physology. Can. J. Fish. Aquat. Sci., 44:99-104.

Lauren, D.J. and McDonad, D.G. 1987b. Acclimation to copper by rainbow trout, Salmo
gairdneri: biochemigtry. Can. J. Fish. Aquat. Sci., 44:105-111.

Lawrence, S.G. and Holoka, M.H. 1987. Effects of low concentrations of cadmium on the
crustacean zooplankton community of an atificidly acidified lake. Can. J. Fish. Aquat. Sci.,
44:163-172.

Lean, D. 1989. Nationa Water Resecarch Ingtitute, Canada Centre for Inland Waters
(Burlington, Ontario) - personad communicetion.

Leathen, W.W., Kinsd, N.A. and Braley, SA. 1956. Ferrobacillus ferrooxidans. a
chemosynthetic autotrophic bacterium. Jour. Bacteriol., 72:700-704.

Leddy, D.G. 1973. Factors Controlling Copper (I1) Concentrations in the Keweenaw
Waterway (Project completion rept.). Michigan Technologica Univ., Houghton. Dept. of
Chemigtry and Chemicd Engineering, Report No.: W73-13010; OWRR-A-065-MICH(1),
115 pp.

Leduc, G. 1978. Ddeterious effects of cyanide on early life stages of Atlantic sdmon (Salmo
salar). J. Fish. Res. Bd. Can., 35:166-174.

Lee, D.R. and Buikema, A.L. 1979. Moalting related sengtivity of Daphnia pulex in toxicity
testing. J. Fish. Res. Bd. Can., 36:1129-1133.

Lees, H., Kwok, SC. and Suzuki, I. 1969. The thermodynamics of iron oxidation by the
ferrobaccilli. Can. J. Microbiol., 15:43-46.

Lerman, A. 1979. Geochemical Processes. Water and Sediment Environments  J. Wiley
& Sons, New Y ork.

Lerman, A. and Jones, B.F. 1973. Transent and steady-state transport between sediments
and brinein closed lakes. Limnol. Oceanog., 18:72-85.

Lett, P.F., Farmer, G.J. and Beamish, FW.H. 1976. Effect of copper on some aspects of the
bicenergetics of rainbow trout (Salmo gairdneri). J. Fish. Res. Bd. Can., 33:1355-1342.

Lewis, A.G. and Cave, W.R. 1982. The hiologica importance of copper in oceans and
edtuaries. Oceanogr. Mar. Biol. Ann. Rev. 20, 471-695.

Linkson, P.B., Phillips, B.D., and Rowles, C.D. 1979. Computer methods for the generation
of Eh-pH diagrams. Minerals Science & Engineering (NIM South Africa). 11:65.

Lion, L.W. and Leckie, JO. 1981. Chemica speciation of trace metals at the air-seainterface:
The gpplication of an equilibrium modd. Environ. Geol., 3(5):293.

Littlepage, J.L., Ellis, D.V. and Mclnerney, J. 1984. Marine disposal of mine taling, Mar.
Poll. Bull., 15:242-244.

Lopez, J. and Lee F.G. 1977. Environmenta chemistry of copper in Torch Lake, Michigan.
Water Air & Soil Pall., 8:373-386.

Losher, A.J. 1985. The Geochemistry of Sediments and Mine Tailings in the Alice Arm
Area. M.Sc. Thesis, University of British Columbia, Vancouver, B.C.



Lowe, D.R. 1988. Suspended-load fallout rate as an independent variable in the analyss of
current structures.  Sedimentol ogy, 35:765-776.

Lowe-Jnde, L. and Numi, A.J. 1986. Hematologica characterigtics of rainbow trout, Salmo
gairdneri (Richardson), in response to cadmium exposure. Bull. Environ. Contam. Toxicol.,
37:375-381.

Lowson, RT. 1982. Aqueous oxidation of pyrite by molecular oxygen. Chem. Rev.,
82:461-497.

Ludiow, R. 1989. Negative Side Seen in Acid Rain Fight, Vancouver Sun, March 4, 1989,
p. B-6.

Luedtke, RJ. and Brusven, M.A. 1976. Effects of sand sedimentation on colonization of
dreaminsects. J. Fish. Res. Bd. Can., 33:1881-1886.

Luoma, SN. and Jenne E.A. 1986. Estimating bioavailability of sediment-bound trace metas
with chemicd extractants. Trace Substances in Environmental Health, 10:343-351.

Lutwick, G.D. 1986. Minerd composition and acid consuming potentia of Nova Scotia
shales. Report to Environment Canada by Nova Scotia Research Foundation, Dartmouth,
Nova Scotia.

MacGummon, H.R., Wren, C.D. and Gots, B.L. 1983. Mercury uptake by alek trout,
Salvelinus namaycash, reldive to age, growth, and diet in Tadenac Lake with comparative
data from other Precambrian Shield lakes. Can. J. Fish. Aquat. <ci., 40:114-120.

Mackintosh, M.E. 1971. Nitrogen fixation by Thiobacillus ferrooxidans. Jour. Gen.
Microbiol., 66:1-11.

MacLaren Plansearch - Lavdin. 1982. Environmental Impact Assessment for the Donkin
Mine Reaults of Biologica, Chemicd and Wave Climate Studies, 1981. Cape Breton
Development Corporation.

Magewski, H.S. and Giles, M.A. 1981. Cardiovascular-respiratory responses of rainbow trout
(Salmo gairdneri) during chronic exposure to sublethad concentrations of cadmium. Water
Res., 15:1211-1217.

Magima, H. and Peters, E. 1968. Electrochemistry of sulphide dissolution in hydrometdlurgica
systems, Paper E-1. Proc. VIII International Mineral Processing Congress, 2:5.
Leningrad, 1968.

Mdo, B.AA. 1977. Patid extraction of metas from aguatic sediments. Environ. <ci.
Technol., 11:277-282.

Maewagko, C. and Paul, B. 1985. Effects of manipulations of auminum concentrations and
pH on phosphate uptake and photosynthesis of planktonic communities in two Precambrian
Shield lakes. Can. J. Fish. Aquat. Sci., 42:1946-1953.

Manhem, F.T. 1970. The diffuson of ions in unconsolidated sediments. Earth. Planet. Sci.
Lett. 9:307-309.

Manheim, F.T. 1976. Interditid waters of marine sediments. In; Chemical Oceanography,
J.P. Riley and R. Chester, Eds., Academic, New York. 6:115-186.

Mantoura, R.F.C., Dickson, A. and Riley, JP. 1978. The complexation of metas with humic
materidsin naturd waters. Est. Coast. Mar. Sci. 6, 387-408.

Marion, P.T. 1986. 1986 Index to Mining Assessment Reports Northwest Territories.
Northern Affairs Program, Mining Adminidration Divison, Mining Resources Section.

Marion, P.T. 1986. 1986 Index to Mining Assessment Reports Yukon. Northern Affars
Program, Mining Adminigtration Division, Mining Resources Section.



Marshdl, JS. 1978. Population dynamics of Daphnia galeata mendotal as modified by
chronic cadmium gress. J. Fish. Res. Bd. Can., 35:461-469.

Marshdl, JS. and Mdlinger, D.L. 1980. Dynamics of cadmium-stressed plankton
communities. Can. J. Fish. Aquat. Sci., 37:403-414.

Marshdl, J.S., Parker, JT., Mdlinger, D.L. and Lawrence, S.G. 1981. An in-site study of
cadmium and mercury stressin the plankton community of Lake 382, Experimenta Lakes Area,
northwestern Ontario. Can. J. Fish. Aquat. Sci., 38:1209-1214.

Marshall, J.S., Parker, J.J.,, Médlinger, D.L. and Lel, C. 1983. Bioaccumulation and effect of
cadmium and zinc in a Lake Michigan plankton community. Can. J. Fish. Aquat. ci.,
40:1469-1479.

Massari, F. and Parea G.C. 1988. Progradationa gravel beach sequences in a moderate- to
high-energy, microtidal marine environment. Sedimentol ogy, 35:881-914.

Mathers, J.S., West, N.O. and Burns, B. 1981. Aquatic and Wildlife Resources of Seven
Yukon Streams Subject to Placer Mining. September, 1981. Depts. of Fisheries and
Oceans, Indian and Northern Affairs, and Environment.

McCart, P.J. (Ed.) 1980. Effects of Sltation on the Ecology of Ya-Ya Lake, N.W.T.
Northern Affairs Program. Contract for the Arctic Land Use Research Program, Northern
Environmenta Protection and Renewable Resources Branch. Ministry of Indian and Northern
Affairs, Canada. Catalogue No. R71-19/13-1979, 286 pp.

McCarty, L.S., Henry, JA.C. and Houston, A.H. 1978. Toxicity of cadmium to goldfish,
Carassius auratus, in hard and soft water. J. Fish. Res. Bd. Can., 35:35-42.

McCave, I.N. 1976. The Benthic Boundary Layer. In: Engineering Interest in the Benthic
Boundary Layer. R.B. Krone (Ed.). Plenum Press, New Y ork/London. 143 pp.

McCredie, A. 1982. Mercury and mining pollution in the upper Goulburn River. Monash
University, Environmental Report 9;56 pp.

McFarlane, G.A. and Franzin, W.G. 1980. An examination of Cd, Cu, and Hg concentrations
in livers of northern pike, Esox licius, and white sucker, Catostomus commersoni, from five
lakes near a base metd smdter a Flin FHon, Manitoba. Can. J. Fish. Aquat. ci.,
37:1573-1578.

McGoran, C.J, Duncan, DW. and Wdden, B.C. 1969. Growth of Thiobacillus
ferrooxidans on various substrates. Can. J. Microbiol., 15:135-138.

McGraw-Hill.  1987. McGraw-Hill Encyclopedia of Science and Technology, 6th Ed. (20
Volumes with index volume). McGraw-Hill Book Co., New Y ork/San Francisco.

McKim, JM. and Benoit, D.A. 1971. Effects of long-term exposures to copper on survival,
growth and reproduction of brook trout Galvelinus fontinalis). J. Fish. Res. Bd. Can.,
28:655-662.

McKim, JM., Christensen, G.M. and Hunt, E.P. 1970. Changes in the blood of brook trout
(Salvelinus fontinalis) after short-term and long-term exposure to copper. J. Fish. Res. Bd.
Can., 27:1883-1889.

McKim, JM., Olson, G.F., Holcombe, GW. and Hunt, E.P. 1976. Long-term effects of
methylmercuric chloride on three generations of brook trout Galvelinus fontinalis) toxicity,
accumulation, digtribution, and dimination. J. Fish. Res. Bd. Can., 33:2726-2739.

MclLeay, D.J, Birtwdl, |.K., Hatman, G.F. and Ennis, G.L. 1987. Responses of Arctic
grayling (Thymallus arcticus) to acute and prolonged exposure to Yukon placer mining
sediment. Can. J. Fish. Aquat. Sci., 44:658-673.



McLeay, D.J, Ennis, G.L., Birtwel, 1. K. and Hartman, G.F. 1984. Effects on Arctic grayling
(Thymallus arcticus) of prolonged exposure to Yukon placer mining sediment: A laboratory
gudy. Can. Tech. Rep. Fish. Aquat. Sci., 1241;96 pp.

McLeay, D.J, Knox, A.J, Malick, J.G., Birtwdl, I.K, Hatman, G.F. and Ennis, G.L. 1983.
Effects on Arctic grayling (Thymallus arcticus) of short-term exposure to Yukon
placer mining sediments: laboratory and field sudies. Can. Tech. Rep. Fish. Aquat.
i, 1171;134 pp.

Mehta, A.P. and Murr, L.E. 1982. Kinetic study of sulphide leaching by gdvanic interaction

between chalcopyrite, pyrite, and sphalerite in the presence of T. ferrooxidans (30°C) and a
thermaophilic microorganism (55°C). Biotech. and Bioeng., 24:919-940.
Méelis Consulting Engineers Ltd., Saskatoon, Sask. 1987. ldentification and Evaluation of

Impacts Resulting from the Discharge of Gold Mill Effluents Project No. MCEL-133,
April 27,1987. DSSFile No. 52SS.KEI45-6-0945. Prepared for Environment Canada

Metals Economics Group. 1988. Strategic Report: March/April 1988, Vols. 1 and 2
(Tables 3 and 4), Boulder, Colorado.

Miller, JD.A. and Hughes, JE. 1968. Physological and biochemica characteristics of some
drains of sulphate-reducing bacteria. Jour. Gen. Microbiol., 52:173-179.

Mining Associdion of British Columbia, 1978. Public Inquiry into Pollution Control
Objectives for Mining, Mine-Milling and Smelting Industries of British Columbia, 318 pp.

Mine Drainage and Surface Mine Reclamation. 1988. Proceedings of a conference sponsored
by The American Society for Surface Mining and Reclamation, The Bureau of Mines, and The
Office of Surface Mining and Reclamation and Enforcement. Fittsburgh, Pennsylvania, April
19-21, 1988.

. Volumel: Mine Water and Mine Wagte, U.S. Bureau of Mines Information Circular
9183/1988.

Volume Il:  Mine Reclamation, Abandoned Mine Lands and Policy Issues, U.S
Bureau of Mines Information Circular 9184/1988.

Moore, JW. 1980. Seasond and species-dependent variability in the biologica impact of
minewadgtesin an dpineriver. Arch. Environ. Contam. & Toxicol., 25:524-530.

Moore, JW. 1981. Epipdlic algad communities in a eutrophic northern lake contaminated with

mine wastes. Alberta Environmental Centre, Vegreville, Alberta. Water Res., 15:97-105.

Moore, JW. and Sutherland D.J. 1981. Didribution of heavy metds and radionuclides in
sediments, water, and fish in an area of Great Bear Lake contaminated with mine
wastes. Arch. Environ. Contam. & Toxicol., 10:329-339.

Moore, JW., Sutherland, D.J. and Beaubien, V.A. 1979. Algd and invertebrate communities
in three subarctic lakes recaiving mine wastes. Water Res., 13:1193-1202.

Morel, F.M.M. 1983. Principles of Aquatic Chemistry. John Wiley and Sons, New Y ork.
446 pp.

Morin, K.A., Cherry, JA., Nand, K.D., Lim, T.P. and Vivyurka, A.J. 1988. Migration of
acidic groundwater seepage from uranium-tailings impoundment, 1. Field sudy and conceptud
hydrogeochemica modd. Contam. Hydrol., 2:271-303.




Morry, C.J. and Cole, L.J. 1977. Limnology and fish populations of Red Indian Lake, a multi-
useresarvoir. Tech. Rep. - Fish. Mar. Serv. (Can.), 691;109 pp.

Morse, JW. 1974. Caculation of diffusive fluxes across the sediment-water interface. Jour.
Geophys. Res., 33:5045-5048.

Morth, A.E. 1965. Reaction Mechanism of the Oxidation of Iron Pyrite M.Sc. Thesis;
Ohio State University.

Morth, A.E., Smith, E.E. and Shumate, K.S. 1970. Pyritic systems. A mathematica model.
EPA-R2-72-002, Washington, D.C.

Mortimer, CH. 1971. Chemica exchanges between sediments and water in the Great Lakes -
Speculations on probable regulatory mechanisms.  University of Wisconsn, Milwaukee.
Limnol. Oceanogr ., 16:387.

Mount, D.R., Hockett, JR. and Gern, W.A. 1988b. Effect of long-term exposure to acid,
auminum, and low calcium on adult brook trout (Salvelinus fontinalis). 2. Vitdlogeness and
osmoregulation. Can. J. Fish. Aquat. <ci., 45:1633-1642.

Mount, D.R,, Ingersall, C.G., Gulley, D.D., Fernandez, JD., LaPoint, T.W. and Bergman,
H.L. 1988a. Effect of long-term exposure to acid, duminum, and low calcium on adult brook
trout (Salvelinus fontinalis). 1. Surviva, growth, fecundity, and progency surviva. Can. J.
Fish. Aquat. ci., 45:1623-1632.

Mount, D.I. and Stephan, C.E. 1969. Chronic toxicity of copper to the fathead minnow
(Pimephales promelas) in soft water. J. Fish. Res. Bd. Can., 26:2449-2457.

Mudler, J, Schneider, J and Sturm, M. 1986. Indudrid talings in Lake Traunsee
(Sadzkammergut, Austria). Hydrobiologia, 143:401-405.

Muller, G. and Forgtner, U. 1975. Heavy metds in sediments of the Rhine and Elbe Estuaries:
mohbilization of mixing effect? Environ. Geol., 1:33-40.

Munkittrick, K.R. and Dixon, D.G. 1988. Growth, fecundity, and energy stores of white
sucker (Catostomus commersoni) from lakes containing elevated levels of copper and zinc.
Can. J. Fish. Aquat. <ci., 45:1355-1365.

Murphy, T.P. 1989. Use of sed mill dag to rehabilitate Burlington Harbour (paper in
preparation).

Murphy, T.P., Hall, K.G. and Northcote, T.G. 1988. Lime treatment of a hardwater lake to
reduce eutrophication. Lake Reservoir Management, 4:61-62.

Murr, L.E. 1980. Theory and practice of copper sulphide leaching in dumps and in-Situ.
Miner. ci. Eng., 12:121-189.

Musa, Joyce. 1989. Immaculate Miners. The Northern Miner Magazine, 4:50-51.
Musa, Joyce. 1988. Underwater Peril. The Northern Miner Magazine, 3:19-23.

Myerson, A.S. 1981. Oxygen mass transfer requirements during the growth of Thiobacillus
ferrooxidans on iron pyrite. Biotechnol. Bioeng., 23:1413-1416.

Neville, CM. 1985. Physiologica response of juvenile rainbow trout, Salmo gairdneri, to
acid and auminum-prediction of field responses from laboratory data. Can. J. Fish. Aquat.
i, 42:2004-2019.

Nicholson, R\V. 1984. Pyrite Oxidation in Carbonate-Buffered Systems. Experimental
Kinetics and Control by Oxygen Diffusion in a Porous Medium. Ph.D. Thess, University of
Waterloo.



Nicholson, R.V., Gillham, RW., Cherry, JA. and Reardon, E.J. 1989. Reduction of acid
generation in mine tailings through the use of moisture-retaining cover layers as oxygen barriers.
Can. Geotech. Jour. (in press).

Nicholson, R.V., Gillham, RW. and Reardon, E.J. 1988. Pyrite oxidation in carbonate-
buffered solution. 1. Experimentd kinetics. Geochim. Cosmochim. Acta, 52:1077-1085.

Noblitt, H.L. 1973. Complex lons of Copper and Cyanide. Department of Energy, Mines
and Resources, Mines Branch (CANMET). Research Report R 268, September.

Noggle, C.C. 1978. Behavioural, Physiological and Lethal Effects of Suspended
Sediment on Juvenile Salmonids. M.Sc. thesis, University of Washington, Seettle, WA.
78 pp.

Nolan, Davis & Associates Limited. 1987. Sudy of Acid Waste Rock Management at
Canadian Base Metal Mines. Report to Energy, Mines & Resources Canada (CANMET),
Ottawa.

Nordstrom, D.K. 1982. Aqueous pyrite oxidation and the consequent formation of secondary
minerds. In: Acid Sulphate Weathering, Soil Sci. Soc. Am., pp. 37-56.

Norecol Environmental Consultants Ltd. 1987. Golden Bear Project - Sage |, Volumel of
1. Prepared for North American Metds B.C. Inc. (Noramco) and Chevron Minerals Ltd.
July, 1987.

Norecol Environmental Consultants Ltd. 1987. Golden Bear Project - Stage | Report,
Volume Il of 111 (Appendices). Prepared for North American Metas B.C. Inc. (Noramco)
and Chevron Minerals Ltd. July, 1987.

Norman, P.F. and Synman, C.P. 1988. The biologicad and chemica leaching of an auriferous
pyrite/arsenopyrite flotation concentrate: a microscopic examination.  Geomicrobiol. Jour.,
6:1-10.

Norris, R.H., Lake, P.S. and Swain, R. 1980. Ecologicd effects of mine effluents on the South
Esk River, North-eastern Tasmania. |. Study area and basic water characteristics. Aust. J.
Mar. Freshwater Res., 31:817-27.

Norris, R.H., Swain, R. and Lake, P.S. 1981. Ecologicd effects of mine effluents on the South
Esk River, North-eastern Tasmania. |l. Trace metals. Aust. J. Mar. Freshwater Res., 32:165-
73.

Northcote, T.G., Ennis, G.L. and Anderson, M.H. 1975. Periphytic and planktonic algae of
the lower Fraser River in rdation to water quaity conditions. Westwater Research Centre,
University of British Columbia. Tech. Rept., No. 8, 61 pp.

Northcote, T.G. and Larkin, P.A. 1988. The Fraser River: a mgor salmonid production
sysem. In: D.P. Dodge (ed.) Proceedings of the International Large River Symposum. Can.
Soec. Publ. Fish. Aquat. Sci., pp. 104.

Nriagu, JO. and D€, C.I. 1974. Diagenetic formation of iron phosphates in recent lake
sediments. Am. Mineral., 59:934-946.

Nriagu, JO. 1979. The Biogeochemigtry of Mercury in the Environment. In: Topics in
Environmental Health - Vol. 3. Elsevier/North-Holland Biomedica Press, 696 pp.

Nriagu, JO. 1989. Andyss of Dissolved Metds in the Water Column - An Overview: paper
in preparation.

Olivera, R. 1985. Phytoplankton communities response to a mine effluent rich in copper.
Ingtituto Naciona de Investigacao das Pescas, Lishoa, Portuga. Hydrobiol., 128:61-69.



Oliveira, R., Monteiro, T., Cabecadas, C., Vae, C. and Brogueira, M.J. 1985. A mine waste
discharge rich in copper - an example of effects on planktonic communities. Verh. Internat.
Verein. Limnol., 22:2395-2404.

Oshorne, J. 1976. Sedimentation of Wabush Lake and the Effect of Mine Tailings on the
Lake. Environment Can. Report EPS-5-AR-76-12.

O'Shea, T.A. and Mancy, K.H. 1978. The Effect of pH and Hardness Metal 1ons on the
Competitive Interaction Between Trace Metal lons and Inorganic and Organic
Complexing Agents Found in Natural Waters. Water Res., 12:703-711.

Ouellet, M. and Pagé, P. 1988. Canadas Mogt Fascinating Lake. Geos, 17:1-7.

Owen, RM. and Mackin, JE. 1980. Authigenic associaions between selected rare earth
dements and trace metals in lacustrine sediments. Environ. Geol ., 3:131-138.

Oxberry, JR., Doudoroff, P. and Anderson, D.W. 1978. Potentia toxicity of taconite tailings
to aguatic lifein Lake Superior. Jour. Water Poll. Cont. Fed., 50:240-251.

Pankratz, L.B. 1982. Thermodynamic properties of elements and oxides. U.S Bur. Mines
Bull. 672;509 pp.

Pankratz, L.B. 1984. Thermodynamic properties of Haides. U.S Bur. Mines Bull. 674.

Pankratz, L.B., Mah, A.D. and Watson, SW. 1987. Thermodynamic properties of sulphides.
U.S Bur. Mines Bull., 689.

Pankratz, L.B., Stuve, JM. and Gokcen, N.A. 1984. Thermodynamic Data for Minera
Technology. U.S. Bur. Mines Bull. 677.

Part, P. and Svanberg, O. 1981. Uptake of cadmium in perfused rainbow trout Galmo
gairdneri) gills. Can. J. Fish. Aquat. Sci., 38:917-924.

Patterson, R.J. 1989. Equity Silver Mines Ltd. - persona communication.

Patterson, R.J. and Gallinger, R.D. 1988. Assessment of Acid Mine Drainage Control
Measures and Resultant Impact on Sreams Draining the Equity Siver Minesite 1987.
1987 Annuad Reclamation Report (cf. Equity Silver Mines Ltd. 1988).

Patterson, R.J., Frape, SK., Dykes, L.S. and McLeod, RA. 1978. A coring and squeezing
technique for the detailed study of subsurface water chemigtry. Can. J. Earth Sci., 15:162-
169.

Paulsen, K.R., Guillermo, P.A., Koponen, M., Pdiwa, H.V., Songhe, H., Matsui, N. and
Jackson, R.T. 1985. Environmenta aspects of mining and ore-dressing of non-ferrous metals.
Industry and Env., 8:1-35.

Pedersen, T.F. 1983. Dissolved heavy metas in a lucustrine mine tailings deposit - Buittle
Lake, British Columbia Mar. Pall. Bull., 14:249-254.

Pedersen, T.F. 1984. Interdtitid water metabolite chemigtry in marine mine tailings deposit,
Rupert Inlet, B.C. Can. Jour. Earth i, 21:1-9.

Pedersen, T.F. 1985. Early diagenesis of copper and molybdenum in mine tailings and natura
sediments in Rupet and Holberg Inlets, British Columbia  Can. Jour. Earth
i, 22:1474-1484.

Pedersen, T.F. Dissolved interstitial Zn, Cd and Cu in mine tailing in Buttle Lake
Prepared for Westmin Resources Ltd.

Pedersen, T.F. Rate of accumulation of natural sediments in the south basin of Buttle
Lake, B.C. Prepared for Westmin Resources Ltd.



Pedersen, T.F. and Losher, A.J. 1988. Diagenetic processes in aquatic mine tailings deposits
in British Columbia In: Management of Mine Tailings and Dredged Material.
W. Salomons and U. Forstner, eds. pp. 238-257. Springer-Verlag.

Pedersen, T.F., Vogd, J.S. and Southon, JN. 1986. Copper and manganese in hemipelagic
sediments a 21°N, East Pecific Rise Diagenetic contrasts.  Geochim. Cosmochim. Acta,
50:2019-2031.

Penrose, W.R. 1974. Arsenic in marine and aquatic environments. anadysis, occurrence and
ggnificance. C.R.C. Crit. Rev. Environ. Contr., 4.465-482.

Peterson, RH. 1976. Temperature sdection of juvenile Atlantic sdmon &lmo salar) as
influenced by various toxic substances. J. Fish. Res. Bd. Can., 33:1722-1730.

Peterson, R.H. 1978. Variations in aguatic insect dendties associated with copper-zinc
concentrations. Man. Rep. Fish. Res. Bd. Can., 1470;3 pp.

Peterson, RH., Metcdfe, JL. and Ray, S. 1983. Effects of cadmium on yolk utilization,
growth, and survivd of Atlantic sdmon devins and nearby feeding fry. Arch. Environ.
Contam. Toxicol., 12:37-44.

Peterson, R.H., Metcalfe, JL. and Ray. S. 1985. Uptake of cadmium by eggs and aevins of
Atlantic sdmon (Salmo salar) as influenced by acidic conditions. Bull. Environ. Contam.
Toxicol., 34:359-368.

Petruk, W. and Pinard, R.G. 1986. Minerdogica and Image Analysis Study of Samples from
Core WA20 of the Waite Amulet Tailings. (Project: 30.86.02, Tailings Management) June
1986. Mineral Sciences Laboratories Divison Report MSL 86-87 (IR), CANMET,
Ottawa, Ontario.

Pfitzenmeyer, H.T. 1970. Gross physica and biologica effects of overboard spoil disposd in
upper Chesapeake Bay. Natural Resources Institute. Special Report 3:26-38.

Pharo, CH. 1978. The impact of metd mining on the sediment geochemistry of a short-
resdence time lake, and its value as a time-marker. Paper presented at Symposium 8, "The
Effect of Man on the Ecosysem and Sedimentation in Lakes and Resarvoirs'. 10th
International Sedimentological Congress, Jerusdem, Isradl.

Pharo, CH. 1989. Environment Canada, Inland Waters Directorate (IWD) - persona
communication.

Pharo, C.H. and Carmack, E.C. 1979. Sedimentation processes in a short residence-time
intermontane lake, Kamloops Lake, British Columbia. Sedimentology, 24:523-542.

Phillips, G.R. and Buhler, D.R. 1978. The rdative contributions of methylmercury from food
or water to rainbow trout (Salmo gairdneri) in a controlled laboratory experiment. Trans.
Am. Fish. Soc., 107:853-861.

Pickering, Q.H. and Gast, M.H. 1972. Acute and chronic toxicity of cadmium to the fathead
minnow (Pimephales promelas). J. Fish. Res. Bd. Can., 29:1099-1106.

Pierson, K.G. 1981. Effects of chronic zinc exposure on the growth, sexua maturity,
reproduction, and bioaccumulation of the guppy, Poecilia reticulata. Can. J. Fish. Aquat.
., 38:23-31.

Pietersen, H.S,, van Herk, J. and Schuiling, D. 1988. The olivine process - waste acid
neutraization by reaction with a magnesum slicate. International Conference on Control of
Environmental Problems from Metal Mines, Roros, Norway.

Pippy, JH.C. and Hara, G.M. 1969. Reationship of river pollution to bacterid infection in
salmon Galmo salar) and suckers Catostomus commersoni). Trans. Am. Fish. Soc.,
98:685-690.




Placer Mining Work Group. 1974. Placer Mining in Yukon. Assessment of Placer Mining
Settling Ponds. Received October 1, 1974 (Ref. File 412) for Y ukon River Basin Study.

Placer Mining Work Group. 1984. Yukon River Basin Sudy. Placer Mining Workgroup
Program Report. Prepared for Y ukon River Basin Study. September, 1984.

Planas, D. and Lamarche, A. 1983. Lack of effect of arsenic on phytoplankton communitiesin
different nutrient conditions. Can. J. Fish. Aquat. Sci., 40:156-161.

Payle, R.C. 1987. Methods and feashbility of usng duminum-26 as a biologica tracer in low
pH waters. Can. J. Fish. Aquat. <ci., 44:260-263.

Pourbaix, M.JN. 1966. Atlas of Electrochemical Equilibria in Aqueous Solutions.
Oxford, Pergamon.

Pourbaix, M.JN., van Muylder J. and de Zhoubov, N. 1963. Atlas d'Equilibres
Electrochemiques a 25°C. Gauthier-Villars, Paris. (JA. Franklin, trans., Pergamon Press,
London, 1966.)

Predey, B.J. and Kaplan, I.R. 1968. Changes in dissolved sulphate, calcium and carbonate
from interstitial water of near-shore sediments. Geochem. et Cosmochim. Acta, 32:1037-
1048.

Price, N.B. 1976. Chemicd diageness in sediments. In: Chemical Oceanography,
J.P. Riley and R. Chegter (Eds.), Academic, New York. 6:1-58.

Proceedings, Acid Mine Drainage. 1987. Seminar/Workshop, Hdifax, Nova Scotia, March
23-26. Conservation and Protection, Environment Canada and Transport Canada Airports
Authority Group, Ottawa, Ontario. 617 pp.

Proceedings of the Eleventh Annual British Columbia Mine Reclamation Symposium,
Acid Mine Drainage. Campbell River, British Columbia - April 8 to 10, 1987. Organized by
the Technicad and Research Committee on Reclamation. Sponsored by the Mining Association
of B.C., The Ministry of Energy Mines and Petroleum Resources, The Minigtry of Environment
and Parks.

Rahd, FJ. 1981. Sdection for zinc tolerance in fish: results from laboratory and wild
populations. Trans. Am. Fish. Soc., 110:19-28.

Ramamoorthy, S. and Blumhagen, K. 1984. Uptake of Zn, Cd and Hg by fish in the presence
of competing compartments. Can. J. Fish. Aquat. <ci., pp. 750-756.

Ramamoorthy, S. and Massalski, A. 1978/79. Andyss of gructure-locdized mercury in
Ottava River sediments by scanning dectron  microscopy/energy-dispersive  X-ray
microandysistechnique. Environ. Geol., 2:351-358.

Ramamoorthy, S. and Rugt, B.R. 1978. Heavy meta exchange processes in sediment - water
systems. Environ. Geol. Water Sci., 2:165.

Randol Internationd Ltd. 1984. Tailings and effluents. In: Gold and Slver Recovery
Innovations (Phase I1), Val. 3, Golden, Colorado. pp. 1271.

Rapin, F., Tesser, A. Campbell, P.G.C. and Carignan, R. 1986. Potentid artifacts in the
determination of metal partitioning in sediments by a sequentia extraction procedure. Env. Sci.
Tech., 20:836-840.

Ray, S. and Coffin, J 1977. Ecologicd effects of cadmium pollution in the aguatic
environment: areview. Tech. Rept. Fish. Res. Bd. Can., 734;24 pp.

Razzell, W.D. and Trussdll, P.C. 1963. Microbiologicd leaching of metalic sulphides. Appl.
Micraobiol., 2:105-110.



Reasch, R.J. and Berra, T.M. 1986. Fecundity and trace-metal content of creek chubs from a
metal-contaminated stream. Trans. Am. Fish. Soc., 115:346-350.

Reckhow, K.H. and Chapra, S.C. 1983. Engineering Approaches for Lake Management.
Volume 1. Data Analysis and Empirical Modeling and Volume 2: Mechanistic Modeling.
Butterworth Publishers, Boston. An Ann Arbor Science Book.

Redding, JM., Schreck, C.B. and Everest, F.H. 1987. Physologica effects on coho salmon
and steelhead of exposure to suspended solids. Trans. Am. Fish. Soc., 116:737-744.

Redfield, A.C. 1958. The biologica control of chemica factors in the environment. Am. i,
46:206-226.

Reeburgh, W.S. and Heggie, D.T. 1974. Depth digributions of gases in shdlow water
sediments. In: Natural Gases in Marine Sediments (ed. |.R. Kaplan), Plenum, New Y ork,
pp. 27-45.

Reece, D.E., Felkey, JR. and Wai, CM. 1978. Heavy meta pollution in the sediments of the
Coeur dAlene River, Idaho. Environ. Geol., 2: 289-294.

Reid, SD. and McDondd, D.G. 1988. Effects of cadmium, copper, and low pH onion fluxes
in the rainbow trout, Salmo gairdneri. Can. J. Fish. Aquat. Sci., 45:244-253.

Reinert, R.E., Stone, L.J. and Wilford, W.A. 1974. Effect of temperature on accumulation of
methylmecuric chloride and plpl DDT by rainbow trout. J. Fish. Res. Bd. Can., 31:1649-
1652.

Rescan Environmental Services Ltd. 1987. Willa Joint Venture Prospectus. Prepared for
Northair Mines Ltd. May, 1987.

Rescan Environmenta Services Ltd., Newhawk Gold Mines Ltd. (N.P.L.), Lacana Mining
corporation, Granduc Mines, Limited (N.P.L.). 1987. Mining Sulphurets Joint Venture -
Prospectus. May, 1987.

Rescan Environmental Services Ltd., 1989. Sage | Report - Newhawk Gold Mines Ltd.
Sulphurets Property, Brucgack Lake, B.C.

Rescan Environmentd ServicesLtd. 1988. Myra Falls Operation, Vancouver Island, B.C. -
Environmental Audit. Prepared for Westmin Resources Ltd.

Reynoldson, T.B. 1987. Interactions between sediment contaminants and benthic organisms.
Hydrobiologia, 149:53-66.

Rickard, D.T. 1969. The chemidry of iron sulphide formation a low temperatures.
Stockholm. Contrib. Geol., 20:67-95.

Rickard, D.T. 1975. Kinetics and mechanism of pyrite formation a low temperatures. Amer.
Jour. i, 275:636-652.

Ripley, EAA., Redmann, R.E. and Maxwell, J. 1978. The Creation and Control of Resduals -
Beneficiation. In: Environmental Impact of Mining in Canada. Centre for Resource
Studies, Queen's University, Kingston, Ontario. 38 pp.

Ripley, EA., Redmann, RE. and Maxwdl, J. 1978. Disperson of Resduds Through the
Biogphere - Hydrospheric Dispersion. In: Environmental Impact of Mining in Canada.
Centre for Resource Studies, Queen's University, Kingston, Ontario. 40 pp.

Ripley, E.AA., Redmann, R.E. and Maxwell, J. 1978. Ecologica Consequences of Changesin
the Environment - The Impacts of Resduds on Ecosysems, Organisms, and Man. In:
Environmental Impact of Mining in Canada. Centre for Resource Studies, Queen's
University, Kingston, Ontario. 107 pp.



Ritcey, GM. and Silver, M. 1982. Lysmeter investigations in uranium tailings at CANMET.
CIMM Bull., 75:134-143.

Roberts, T. 1989. B.C. Minigtry of Environment and Parks (Smithers) - persona
communication of Endako Pit discharge data

Roch, M. and McCarter, JA. 1984. Hepatic metalothionein production and resistance to
heavy metas by rainbow trout (Salmo gairdneri) - 1. Held in a series of contaminated lakes.
Comp. Biochem. Physial. 77, 77-82.

Roch, M. and May, E.J. 1979. Rdationship of cadmium-induced hypoca cemia with mortaity
in rainbow trout (Salmo gairdneri) and the influence of temperature on toxicity. J. Fish. Res.
Bd. Can., 36:1297-1303.

Roch, M., McCarter, JA., Matheson, A.T., Clark, M.J.R. and Olafson, RW. 1982. Hepatic
metallothionein in rainbow trout Galmo gairdneri) as an indicator of meta pollution in the
Campbd| River sygem. Can. J. Fish. Aquat. Sci., 39:1596-1601.

Roch, M., Nordin, R.N., Augtin, A., McKean, C.JP., Deniseger, J, Kathman, R.D.,
McCarter, JA., and Clark, M.JR. 1985. The effects of heavy meta contamination on the
aquatic biota of Buttle Lake and the Campbell River drainage (Canada). Arch. Environ.
Contam. Toxicol., 14:347-362.

Rodgers, D.W. and Beamish, FW.H. 1981. Uptake of waterborne methylmercury by
ranbow trout (Salmo gairdneri) in relaion to oxygen consumption and methylmercury
concentration. Can. J. Fish. Aquat. Sci., 38:1309-1315.

Rodgers, D.W. and Beamish, FW.H. 1983. Water quality modifies uptake of waterborne
methylmercury by rainbow trout, Salmo gairdneri. Can. J. Fish. Aquat. Sci., 40:824-828.

Rosen, M.R,, Miser, D.E. and Warren, JK. 1988. Sedimentology, minerdogy and isotopic
andysis of Pellet Lake, Coorong Region, South Audtralia. Sedimentology, 35:105-122.

Royad Norwegian Council for Scientific and Technicad Research (RNCSTR). 1978.
"Sedimentation in Recipients - Disposal of Particulate Mine Waste." Prepared by the
River and Harbour Laboratory a The Norwegian Ingtitute of Technology, December 1978.

Rudd, JW.M. and Turner, M.A. 1983. The English-Wabigoon River system: V. Mercury and
sdlenium bicaccumulation as a function of aguatic primary productivity. Can. J. Fish. Aquat.
i, 40:2251-2259.

Rudd, JW.M., Turner, M.A., Townsend, B.E., Dwick, A. and Furutani, A. 1980. Dynamics
of sdenium in mercury-contaminated experimenta freshwater ecosysems. Can. J. Fish.
Aquat. ci., 37:848-857.

Sdazar, R.C. and Gonzdes, R.I. 1972. Desgn, congruction and operation of the tailings
pipdines and underwater talings disposd sysem of Atlas Consolidated Mining and
Deveopment Corporation in the Philippines. In: Tailing Disposal Today: Proceedings of the
First International Tailing Symposium, Tucson, Arizona; October 31 to November 3, 1972.
pp. 477.

Salomons, W. and Forstner, U. 1984. Metals in the Hydrocycle. Springer-Verlag, Berlin.
349 pp.

Saomons, W. and Forstner, U. (Eds) 1988. Chemistry and Biology of Solid Waste
Dredged Materid and Mine Tallings. Springer-Verlag.
Salomons, W. and Forstner, U. (Eds.) 1988. Environmental Management of Solid Waste
Dredged Materid and Mine Tailings. Springer-Verlag.

Sanders, JB. 1986. Direct and indirect effects of arsenic on the survivad and fecundity of
estuarine zooplankton. Can. J. Fish. Aquat. Sci., 43:694-699.



Sanderson, B., Peary, K., and Pedersen, T.F. 1986. Verticd diffuson in meromictic Powell
Lake, British Columbia. Jour. Geophys. Res., 91:7647-7655.

Sangdong, G.B. and Freeman, H.C. 1979. Tissue uptake of cadmium in brook trout during
chronic subletha exposure. Arch. Environ. Contam. Toxicol., 8:77-84.

Sarot, D.A. and Perlmatter, A. 1976. The toxicity of zinc to the immune response of the
zebrefish, Brachydanio rerio, injected with vird and bacterid antigens. Trans. Am. Fish.
Soc., 105:456-459.

Sato, M. 1960. Oxidation of sulfide ore bodies. 1. Geochemicd environments in terms of Eh
and pH, Econ. Geol., 55:928-961.

Saunders, R.L. and Sprague, JB. 1967. Effects of copper-zinc mining pollution on a spawning
migration of Atlantic sadmon. Water Res., 1:419-432.

Sayles, F.L. 1979. The composition and diagenesis of interdtitial solutions-I. Fluxes acrossthe
seawater-sediment interface in the Atlantic Ocean. Geochim. Cosmochim. Acta, 43:527-545.

Scavia, D. and Robertson, A. (Eds) 1979. Perspectives on lake ecosystem modelling. Ann
Arbor Science Publishers Inc., 326 pp., Ann Arbor, Mich.

Schaumburg, F.D. 1976. Judgment Reserved - A Landmark Environmental Case, Reston
Publishing Company, Inc., Virginia, 265 pp.

Scherer, E. 1976. Overhead-light intensity and vertical positioning of the walleye, Stizostedion
vitreumvitreum. J. Fish. Res. Bd. Can., 33:289-292.

Scherer, E.F., Armgrong, A.J. and Nowak. 1976. Effects of mercury-contaminanted diet
upon walleyes, Stizostedion vitreum vitreum (Mitchdl). Tech. Rept. Fish. Res. Bd. Can.,
597,21 pp.

Schiff, SL. and Anderson, RF. 1987. Limnocorra studies of chemica and biologica acid
neutraization in two freshwater lakes. Can. J. Fish. Aquat. Sci., 44:173-187.

Schindler, D.W. 1987. Detecting ecosystem responses to anthropogenic stress. Can. J. Fish.
Aquat. ., 44:6-25.

Schmitt, C., Dwyer, F.J. and Finger, SE. 1984. Bioavailability of Pb and Zn from minetailings
as indicated by erythrocyte D-aminolevulinic acid dehydratase (ALA-D) activity in suckers
(Pisces: Catostomidae). Can. J. Fish. Aquat. Sci., 41:1030-1040.

Schnaitman, C.A., Korczynski, M.S. and Lundgren, D.G. 1969. Kinetic studies of iron
oxidation by whole cal Ferrobacillus ferrooxidans. J. Bacteriol., 99:552-557.

Schrader, E.L. and Furbish, W.J. 1978. Aqueous and sedimentalogica model for heavy meta
contamination of stream systems affected by sulfide mining in the eastern United States. Bull. of
Environ. Contam. Toxicol., 20:159-166.

Scott, D.P. 1974. Mercury concentration of white muscle in relation to age, growth, and
condition in four species of fishes from Clay Lake, Ontario. J. Fish. Res. Bd. Can., 31:1723-
1729.

Scrudato, R.J., Yodis, G. and Hocutt, G. 1988. An in-stu integrated suspended sediment
stream sampler (1S3). Environ. Geol. Water <ci., 12:177-180.

Scrudato, R.J. and Estes, E.L. 1975/76. Clay-lead sorption relations. Environ. Geol.,
1:167-170.

Seim, W.K., Curtis, L.R., Glenn, SW. and Chapman, G.A. 1984. Growth and surviva of
developing stedhead trout (Salmo gairdneri), continuoudy or intermittently exposed to
copper. Can. J. Fish. Aquat. Sci., 41:433-438.



Servizi, JA. and Martens, D.W. 1987. Some effects of suspended Fraser River sediments on
sockeye salmon (Oncorhynchus nerka). In: H.D. Smith, L. Margolis, and C.C. Wood (ed.)
Sockeye salmon (Oncorhynchus nerka) population biology and future management. Can.
Soec. Publ. Fish. Aquat. Sci., 96:254-264.

Sexton, W.A. 1963. Chemical Constitution and Biological Activity. Third edition, D. Van
Nostrand Company Inc. Princeton, New Jersey.

Shaw, J. 1988. Coarse-grained sediment gravity flow facies in a large supraglacia lake.
Sedimentology, 35:527-528.

Shephard, B. 1983. The Effect of Reduced pH and Elevated Aluminum Concentrations
on Three Species of Zooplankton: Ceriodaphnia reticulata, Daphnia magna and Daphnia
pulex. U.S. Environ. Prot. Agency, Duluth, Minn. 14 pp.

Sherwood, D.E. 1983. The Smilkameen River Basin: An Overview of Water and Related
Resources. Water Planning and Management Branch, Inland Waters Directorate. February,
1983.

Shillabeer, JH., Sparling, JH., Masson, A.G. and Roach, R. 1976. Environmenta planning a
the design stage of anew line. CIMM Bull., 69:63-67.

Sholkovitz, E.R. and Copland, D. 1982. The mgor eement chemistry of suspended particles
in the north basin of Windermere. Geochim. Cosmochim. Acta, 46:1921-1930.

Siddens, L.K., Sem, WK., Curtis, L.R. and Chapman, G.A. 1986. Comparison of
continuous and episodic exposure to acidic, duminum-contaminated waters of brook trout
(Salvelinusfontinalis). Can. J. Fish. Aquat. ci., 43:2036-2040.

Sigler, JW. 1981. Effects of Chronic Turbidity on Feeding, Growth and Social
Behaviour of Steelhead Trout and Coho Salmon. Ph.D. thess, University of Idaho,
Moscow ID. 158 pp..

Sigmon, C.F., Kania, H.J. and Beyers, RJ. 1977. Reductions in biomass and diversty
resulting from exposure to mercury in atificid streams. J. Fish. Res. Bd. Can., 34:493-500.

Silver, M. and Ritcey, G.M. 1985. Effects of iron oxidizing bacteria and vegetation on acid
generation in laboratory lysmeter tests on pyrite containing uranium tailings. Hydrometallurgy,
15:255-264.

Sinclair, D.C. 1966. The Effects on Fish in the . Mary's River of Wastes from
Consolidated Mining and Smelting Co. Operations in the Kimberley area. Unknown
source. 11 pp.

Singer, P.C. and Stumm, W. 1969. The rate determining step in the production of acidic mine
waters. Amer. Chem. Soc., Div. Fud Chem., 13:80-87.

Singer, P.C. and Stumm, W. 1970. Acidic mine drainage: the rate-determining step.  Science,
67:1121-1123.

Singleton, G.A. and Lavkulich, L.M. 1978. Adaption of the soxhlet extractor for pedologic
dudies. Soil Sci. Soc. Am. J., 42:984-6.

Sppd, AJA., Gead, JR. and Hodson, P.V. 1983. Histopathologicd and physiologica
responses of rainbow trout (Salmo gairdneri Richardson) to sublethd levels of lead. Water
Res, 17:1115-1118.

Siwik, R.S,, Prairie, R. and Payan, S. 1987. Hydrogeochemical Investigation of Reactive
Tailings at Waite Amulet Tailings Ste, Noranda, Quebec. Phase 2 - 1986 program. DSS
contract 03SQ.23440-6-9099, July, 1987.



Smith, A.L., Green, RH. and Lutz, A. 1975. Uptake of mercury by freshwater clams (family
Unionidag). J. Fish. Res. Bd. Can., 32:1297-1303.

Smith, E.E. and Shumate, K. 1970. Sulphide to sulphate reaction mechanism. Water Poll.
Cont. Res. Ser. Rept. No. 14010 FPS, AAST-40, U.S. Dept. of the Interior, FVPLA.

Smith, E.E., Svanks, K. and Shumate, K.S. 1968. Sulphide-to-sulphate reaction studies.
Second Symp. Coal Mine Drainage Res., Mdlon Indtitute, Pittsourgh, Pa. pp. 1-11.

Smith, EJ. and Sykora, JL. 1976. Ealy developmentd effects of line-neutrdized iron
hydroxide suspensions on brook trout and coho saimon. Trans. Am. Fish. Soc., 105:308-312.

Smith, K.L., Laver, M.B. and Brown, N.O. 1983. Sediment community oxygen consumption
and nutrient exchange in the central and eastern North Pacific. Limnol. Oceanogr., 28:882-
898.

Sobek, A.A., Schuller, W.A., Freiman, JR. and Smith, RM. 1978. Fied and Laboratory
Methods Applicable to Overburden and Minerals. U.S. Environmental Protection Agency
Report, EPA-600/2-78-D54.

Somers, K.M. and Harvey, H.H. 1984. Alteration of fish communities in lakes stressed by
acid deposition and heavy metals near Wawa, Ontario. Can. J. Fish. Aquat. Sci., 41:20-29.

Sorensen, J. and Jorgensen, B.B. 1987. Early diagenesis in sediments from Danish coasta
waters. microbia activity and Mn-Fe-S geochemistry. Geochim. Cosmochim. Acta, 51:1583-
1590.

Sousa, W.P. 1980. The responses of a community to disturbance: The importance of
successiond age and species life histories. Oecologia, 45:72-81.

Sprague, JB. 1964a. Lethd concentrations of copper and zinc for young Atlantic sdmon. J.
Fish. Res. Bd. Can., 21:117-126.

Sprague, JB. 1964b. Avoidance of copper-zinc solutions by young salmon in the [aboratory.
J. Water Pollut. Contr. Fed., 36:990-1004.

Sprague, JB. 1965. Effects of subletha concentrations of zinc and copper on migration of
Atlantic sdmon. Biologica problems in water pollution. Third seminar. 1962 - Robt. A. Taft
Sanitary Eng. Center. U.S. Public Health Serv. Publ. 999-WP25:332-333.

Sprague, JB. 1968. Avoidance reactions of rainbow trout to zinc sulphate solutions. Water
Res., 2:367-372.

Sprague, JB., Elson, P.F. and Saunders, R.L. 1965. Subletha copper-zinc pollution in a
sdmon river - afield and laboratory sudy. Int. J. Air Water Pollution, 9:531-543.

Sprague, JB. and Ramsay, B.A.  1965. Letha levels of mixed copper-zinc solutions for
juvenilesamon. J. Fish. Res. Bd. Can., 22:425-432.

Spry, D.J., Hodson, P.V. and Wood, C.H. 1988. Rdative contributions of dietary and
waterborne zinc in the rainbow trout, Salmo gairdneri. Can. J. Fish. Aquat. Sci., 45:32-41.

Staff, Bureau of Mines. 1985. Control of Acid Mine Drainage. Proceedings of a Technology
Trandfer Seminar. U.S Bureau of Mines Information Circular 9027.

Sanley, RA. 1974. Toxicity of heavy metds and sdts to Eurasan water milfail.  Arch.
Environ. Contam. Toxicol., 2:331-341.

Steger, H.F. and Degardins, L.E. 1978. Oxidation of sulphide minerds, 4. Pyrite,
chacopyrite and pyrrhotite. Chem. Geol., 23:225.



Stephenson, M. and Mackie, G.L. 1988. Multivariate andysis of correations between
environmenta parameters and cadmium concentrations in Hyalella azteca (Crustacea:
Amphipoda) from central Ontario lakes. Can. J. Fish. Aquat. <ci., 45:1705-1710.

Strom, K. 1957. Nature, 180:982.

Stukas, V.J. 1983. Didtribution of Heavy Metals Derived from Mine Tailings in Alice
Arm, British Columbia, Using Isotope Geochemistry. Contract Report for the Department
of Fisheries and Oceans (Scientific Authority: C.S. Wong, Inditute of Ocean Sciences).
118 pp.

Stukas, V.J. 1984. Profiles of the Isotopic Composition of Lead and the Isotope Dilution
Mass Spectrometry of Lead, Cadmium and Zinc in Sea Water from the Portland Inlet -
Alice Arm Transect, October, 1982. Contract Report for the Department of Fisheries and
Oceans (Scientific Authority: C.S. Wong, Ingtitute of Ocean Sciences). 59 pp.

Stumm, W. and Baccini, P. 1978. Man made chemicd perturbation of lakes. In: Lerman, A.
(Ed.) Lakes - Chemistry, Geology, Physics. Springer-Verlag Berlin, 91-126 pp.

Stumm, W. and Morgan, JJ. 1981. Aguatic Chemistry - An Introduction Emphasizing
Chemical Equilibriain Natural Waters. Second Edition. John Wiley and Sons, New Y ork.
780 pp.

Sugio, T.T., Tano, T. and Imai, K. 1981. Two factors affecting iron-oxidizing activities of
Thiobacillus ferrooxidans. Agric. Biol. Chem., 45:393-403.

Sullivan, JF., Atchison, G.J, Kolar, D.J. and McIntosh, A.W. 1978. Changes in the
predator-prey behaviour of fathead minnows Pimaphales promelas) and largemouth bass
(Micropterus salmoides) caused by cadmium. J. Fish. Res. Bd. Can., 35:446-451.

Sullivan, P.T. and Sobek, A.A. 1982. Laboratory weathering studies of coa refuse. Minerals
and the Environment, 4:9-16.

Sullivan, PJ and Ydton, JL. 1988. An evaluation of trace dement release associated with
acid minedrainage. Environ. Geol. Water Sci., 12:181-186.

Sullivan, P.J,, Ydton, JL. and Reddy, K.J. 1988. Solubility relationships of duminum and iron
mineras associated with acid mine drainege. Environ. Geol. Water Sci., 11:283-288.

Sullivan, P.J,, Ydton, JL. and Reddy, K.J. 1988. Iron sulphide oxidation and the chemistry of
acid generation. Environ. Geol. Water Sci., 11:289.

Sunda, W. and Guillard, RR. 1976. The relationship between cupric ion activity and the
toxicity of copper to phytoplankton. J. Mar. Res., 34:511-539.

Sundby, B., Anderson, L.G., Hall, P.O.J, Iverfddt, A., van der Loeff, M.M. and Westerlund,
SIF.G. 1986. The effect of oxygen on release and uptake of cobat, manganese, iron and
phosphate at the sediment-water interface. Geochim. Cosmochim. Acta, 50:1281-1288.

Sutterlin, A.M. and Gray, R. 1973. Chemicad bass for homing of Atlantic sailmon S&lmo
salar) to ahatchery. J. Fish. Res. Bd. Can., 30:985-989.

Sutterlin, A.M. and Sutterlin, N. 1970. Taste response in Atlantic sdmon (Salmo salar) parr.
J. Fish. Res. Bd. Can., 27:1927-1942.

Swarts, F.A., Dunson, W.A. and Wright, JE. 1978. Genetic and environmenta factors
involved in increased resistance of brook trout to sulphuric acid solutions and mine acid polluted
waters. Trans. Am. Fish. Soc., 107:651-677.

Temple, K.L. and Colmer, A.R. 1951. The autotrophic oxidation of iron by a new bacterium:
Thiobacillus ferrooxidans. Jour. Bacteriol., 63:605-611.

Temple, T. 1980. Reserve mining ends lake dumping. Eng. Min. Jour ., 6:4-6.



Tesser, A., Campbel, P.G.C. and Bisson, M. 1979. Sequentia extraction procedure for the
gpeciation of particulate trace metals. Anal. Chem., 51:844-851.

Tessier, A., Campbell, P.G.C. and Bisson, M. 1982. Particulate trace metal speciation in
stream sediments and relationships with grain sze: implications for geochemicad exploraion. J.
Geochem. Explor., 16:77-104.

Tesser, A., Campbell, P.G.C., Auclair, J.C. and Bisson, M. 1984. Reationships between the
partitioning of trace metas in sediments and their accumulation in the tissues of the freshwater
mollusc Elliptio complanatain amining area. Can. J. Fish. Aquat. <ci., 41:1463-1472.

The Province (Vancouver). 1988. Mining breakthrough: microbes could revolutionize mining
by neutralizing the acid drainage that costs. October 28, 1988.

Thompson, JA.J. and McComeas, F.T. 1974. Copper and zinc levels in submerged mine
tallings a Britannia Beach, B.C. Tech. Rept. Fish. Res. Bd. Can., 437;33 pp.

Tietge, JE., Johnson, R.D. and Bergman, H.L. 1988. Morphometric changesin gill secondary
lamellae of brook trout (Salvelinus fontinalis) after long-term exposure to acid and duminum.
Can. J. Fish. Aquat. <ci., 45:1643-1648.

Tilton, R.C., Corbet, A.B. and Jones, G.E. 1967. Marine Thiobacilli. |. Isolation and
digribution. Can. Jour. Microbiol., 13:1521-1528.

Tributsch, H. and Bennett, J.C. 198la. Semiconductor-electrochemica aspects of bacterial
leaching. 1. Oxidation of meta sulphides with large energy gaps. J. Chem. Tech. Biotechnoal.,
31:565-577.

Tributsch, H. and Bennett, JC. 1981b. Semiconductor-electrochemical aspects of bacterial
leaching. Part 2. Survey of rate-controlling sulphide properties. J. Chem. Tech. Biotechnal.,
31:627-635.

TRM Engineering Ltd. 1986. Surf Inlet Project - Prospectus Report.  Surf Inlet Mines Ltd.
September, 1986.

Troeh, F.R., Jabero, JD. and Kirkham, D. 1982. Gaseous diffusion equations for porous
materids. Geoderma, 27:239-253.

Tsa, C. and McKee, JA. 1980. Acute toxicity to goldfish of mixtures of chloramines, copper,
and linear dkylate sulfonate. Trans. Am. Fish. Soc., 109:132-141.

Turner, D.R., Whitfield, M. and Dickson, A.G. 1981. The equilibrium speciation of dissolved
components in freshwater and seawater at 25°C and 1 am pressure. Geochim. Cosmochim.
Acta, 45:885-891.

Typliski, RV. and Labarre, G.J. 1980. Wastewater treatment at Hudson Bay Mining and
Smeting Co., Limited. CIMM Bull., 73:100-103.

United States Bureau of Mines. 1981. Backfilling of Cavities Resulting from Borehole Mining
(NTIS Tech Note). October, 1981. 1 pp.

United States Bureau of Mines (USBM), Department of the Interior.

. Mine Waste Disposal Technology. Proceedings. Bureau of Mines Technology
Transfer Workshop, Denver, Colorado, July 16, 1981. Information Circular 8857.

. Minerals Environmental In-House and Contract Research and Development in
Fiscal Year 1980. Information Circular 8827.

. Carnahan, T.G. and Lucas, M.A. 1982. Weathering of a Base-Metal Qulfide
Leaching Residue. Report of Investigations 8667.



. Ferrante, M.J., Stuve, JM., Daut, G.E. and Pankratz, L.B. 1978. Low-Temperature
Heat Capacities and High-Temperature Enthalpies of Cuprous and Cupric Sulfides.
Report of Investigations 8305.

. Gokcen, N.A. 1979. Determination and Estimation of lonic Activities of Metal
Saltsin Water. Report of Investigations 8372.

. Ko, H.C. and Brown, R.R. 1982. Enthalpies of Formation of ZnO-2ZnS04 and
CoS04-6H20. Report of Investigations 8688.

Ko, H.C. and Brown, R.R. 1983. Enthalpy of Formation of 2CdO-CdS04. Report
of Investigations 8751.

. Madsen, B.W. and Groves, R.D. 1983. Percolation Leaching of a Chalcopyrite-
Bearing Ore at Ambient and Elevated Temperatures with Bacteria.  Report of
Investigations 8827.

. Mah, A.D. 1982. Thermodynamic Data for Arsenic Sulfide Reactions. Report of
Investigations 8671.

. Schaefer, S.C. 1978. Electrochemical Determination of Gibbs Energy of
Formation of Sphalerite (ZnS). Report of Investigations 8301.

. Schaefer, S.C. 1980. Electrochemical Determination of Gibbs Energy of
Formation of MnSand Fe0.9S. Report of Investigations 8486.

. Schaefer, S.C. 1983. Electrochemical Determination of Thermodynamic
Properties of Manganese Sulfate and Cadmium Oxysulfate Report of Investigations 8809.

: Stuve, JM., Ferrante, M.J, Richardson, D.W. and Brown, RR.  1980.
Thermodynamic Properties of Ferric Oxychloride and Low-Temperature Heat Capacity
of Ferric Trichloride. Report of Investigations 8420.

. Stuve, JM. 1982. A Novel Bromine Calorimetric Determination of the
Formation Enthalpies of Sulfides. Report of Investigations 8710.

Unz, RF. and Lundgren, D.G. 1961. A comparative nutritional study of three
chemolithotrophic bacteria; Ferrobacillus ferrooxidans, Thiobacillus thiooxidans and T.
ferrooxidans. Soil ci., 92:302-307.

Uthe, JF., Atton, F.M. and Roger, L.M. 1973. Uptake of mercury by caged rainbow trout
(Salmo gairdneri) in the South Saskatchewan River. J. Fish. Res. Bd. Can., 30:643-650.

Van den Berg, CM.G., Wong, P.T.S. and Chan, Y.K. 1979. Measurement of complexing
materids excreted from dgae and their ability to ameiorate copper toxicity. J. Fish. Res. Bd.
Can., 36:901-905.

Vanderborght, JP., Wollagt, R. and Billen, G. 1977. Kinetic models of diagenesisin disturbed
sediments. Part 1. Mass transfer properties and dlica diagenesis.  Limnol. Oceanogr .,
22:787.

Van Duyn-Henderson, JA. and Lasenby, D.C. 1986. Zinc and cadmium transport by the
verticaly migratory opossum shrimp, Mysisrelicta. Can. J. Fish. Aquat. Sci., 85:1726-1732.

Vinyard, G.L. and OBrien, W.J. 1976. Effectsof light and turbidity on the reactive distance of
bluegill sunfish (Lepomis macrochirus). J. Fish. Res. Bd. Can., 33:2845-2849.

Vivit, D.V., Bal, JW. and Jenne, EAA. 1984. Specific-ion eectrode determinations of sulfide
preconcentrated from San Francisco Bay waters. Environ. Geol. Water Sci., 6:79-90.

Vocke, RW., Sears, K.L., OToole, JJ. and Wildman, R.B. 1980. Growth responses of
selected fresh water dgae to trace elements and scrubber ash durry generated by coal-fired
power plants. Water Res., 14:141-150.



VTN Environmental Sciences. 1983. Benthic smothering and recolonization studies in
Boca de Quadra and Wilson Arm/Smeaton Bay. Quartz Hill Molybdenum Project, Southeast
Alaska. Prepared for United States Borax and Chemicad Corporation on behaf of Pacific
Coast Molybdenum Company. December, 1983. [Also in: Ellis, 1982.]

Wagemann, R., Brunskill, G.J. and Graham, B.W. 1977. Compodtion and reectivity of some
river sediments from the Mackenzie Vdley, N.W.T., Canada. Environ. Geol., 1:349-358.

Wagemann, R., Snow, N.B., Rosenberg, D.M. and Lutz, A. 1978. Arsenic in sediments,
water and aguatic biota from lakes in the vicinity of Yelowknife, Northwest Teritories,
Canada. Bull. Environ. Contam. Toxicol., 7:169-191.

Waite, D.T., Joshi, SR. and Sommergtad, H. 1988. The effect of uranium mine tailings on
radionuclide concentrations in Langley Bay, Saskatchewan, Canada. Archives Environ.
Contamin. Toxicol., 17:373-381.

Wawood, K.G. 1980. Changes in hemotocrit of rainbow trout exposed to various
combinations of water hardness, pH, and copper. Trans. Am. Fish. Soc., 109:461-463.

Wakao, N. 1988. Comparative benthic ecology of two southeast Alaskan fjords, Boca
de Quadra and Wilson Arn/Smeaton Bay.

Wakao, N. et d. 1983. "Bacterid pyrite oxidation Il. The effect of various organic substances
on release of iron by Thiobacillus ferrooxidans.” J. Gen. Appl. Microbiol.

Wakao, N. et d. 1988. Microbid oxidation of arsenite and occurrence of arsenite-oxidizing
bacteriain acid mine water from a sulphur-pyrite mine. Geomicrobiol. Jour., 6:11-24.

Wadczak, B.Z., Hammer, V.T. and Huang, PM. 1986. Ecophysology and mercury
accumulation in rainbow trout (Salmo gairdneri) when exposed to mercury in various
concentrations of chloride. Can. J. Fish. Aquat. Sci., 43:710-714.

Waddichuk, M. (Ed.) 1976. Pollution Symposum - 13th Pacific Science Congress. J. Fish.
Res. Bd. Can., 33:1985-2065.

Waldichuk, M. and Buchanan, R.J. 1980. Sgnificance of Environmental Changes Due to
Mine Waste Disposal into Rupert Inlet. Fisheries and Oceans Canada, and British Columbia
Minigtry of Environment, Vancouver and Victoria, B.C., Canada, 56 pp.

Wadichuk, M. and Yreka Mines. 1956. The Disposal of Tailings from Yreka Mine,
Neuroutsos Inlet. Referenced in IMPC 1982, p. x-11.

Wadlen, I.LE. 1951. The direct effects of turbidity on fishes. Bull. Okla. Agric. Exp. Sn.,
48:1-27.

Waren, L.J 1981, Contamination of sediments by lead, zinc and cadmium: A review.
Environ. Poll., Series B, 2:401-436.

Wadenchuk, D.G. 1975/76. Mercury in fluvid bed sediments subsequent to contamination.
Environ. Geol., 1:131-136.

Waterhouse, JC. and Farrdl, M.P. 1985. Identifying pollution related changes in chironomid
communities as afunction of taxonomic rank. Can. J. Fish. Aquat. Sci., 42:406-413.

Watkin, EIM. and Watkin, J. 1983. Inhibiting pyrite oxidation can lower reclamation costs.
Can. Min. Jour., 104:29-31.

Watras, CJ, MacFarlane, J and Mord, FM.M. 1985. Nickd accumulation by
Scenedesmus and Daphnia: food-chain transport and geochemical implications. Can. J. Fish.
Aquat. ., 42:724-730.



Westerlund, S.F.G., Anderson, L.G., Hall, P.O.J, lveafdd, A., van der Loeff, M.M. and
Sundby, B. 1986. Benthic fluxes of cadmium, copper, nickd, zinc and lead in the coadtd
environment. Geochim. Cosmochim. Acta, 50:1289-1296.

Wetzel, R.G. 1983. Limnology: Chapter 14 - Iron, Sulphur and Silica Cycles. Saunders
College Publishing, Philadelphia, U.SA. 2nd edition, 767 pp.

Whiteway, P. 1986. Push-button Waste Disposal. The Northern Miner Magazine, 1:33-34.

Wickham, P., Van de Wdle, E. and Planas, D. 1987. Comparative effects of mine wastes on
the benthos of an acid and an dkaline pond. Environ. Pollut., 44:83-99.

Williams, E., Rose, A., Parizek, R., and Waters, S. 1982. Factors Controlling the
Generation of Acid Mine Drainage. Report to U.S. Bureau of Mines.

Wilson, F.H. and Hawkins, 1978. Arsenic in streams, stream sediments and ground water,
Fairbanks Area, Alaska. Environ. Geol., 2:195-202.

Winner, RW., Boesdl, M.W. and Farrell, M.P. 1980. Insect community structure as an index
of heavy-metd pollution in lotic ecosystems. Can. J. Fish. Aqua. <ci., 37:647-655.

Winner, RW. and Farrell, M.P. 1976. Acute and chronic toxicity of copper to four species of
Daphnia. J. Fish. Res. Bd. Can., 33:1685-1691.

Wobeser, G. 1975. Acute toxicity of methylmercury chloride and mercuric chloride for
rainbow trout (Salmo gairdneri) fry and fingerlings. J. Fish. Res. Bd. Can., 32:2005-2013.

Wong, P.T.S,, Maguire, R.J., Chan, Y .K. and Kramar, O. 1984. Uptake and accumulation of
inorganic tin by freshwater dgae, Ankistrodesmus falcatus. Can. J. Fish. Aquat. Sci.,
41:1570-1574.

Wong, P.T.S, Chan, Y K. and Patel, D. 1982. Physiologica and biochemica responses of
severd freshwater agae to amixture of metals. Chemosphere, 11:367-376.

Wong, M.H., Chan, K.C. and Choy, CK. 1978. The effect of the iron ore tailings on the
coagta environment of Tolo Harbour, Hong Kong. Env. Research, 15:342-357.

Wurtsbaugh, W.A. and Horne, A.J. 1982. Effects of copper on nitrogen fixation and growth
of blue-green adgae in natura plankton associations. Can. J. Fish. Aquat. ci., 39:1636-1641.

Yan, N.D. 1979. Phytoplankton community of an acidified, heavy meta-contaminated lake
near Sudbury, Ontario: 1973-1977. Ontario Minigry of the Environment. Water Air Soil
Poll. 1979, 11:43-55.

Yan, N.D. and Strus, R. 1980. Crustacean zooplankton communities of acidic, meta-
contaminated lakes near Sudbury, Ontario. Ontario Ministry of the Environment. Can. J. Fish.
Aquat. <., 37:2282-2293.

Yim, WW.S. 1981. Geochemicd investigations on fluvid sediments contaminated by tin-mine
tallings, Cornwall, England. Environ. Geol., 3:245-256.

Zitko, V. and Carson, W.G. 1977. Seasond and developmentd variation in the lethdity of
zinc to juvenile Atlantic sdmon (Salmo salar). J. Fish. Res. Bd. Can., 34:139-141.

Zitko, V., Carson, W.V. and Carson, W.G. 1973. Prediction of incipient levels of copper to
juvenile Atlantic sdimon in the presence of humic acid by cupric eectrode. Bull. Environ.
Contam. Toxicol., 10:265-271.



ReportList

GLOSSARY OF TERMS



Report Lis

Advection:

Allochthonous:

Allogenic:

Anthropogenic:

Authigenesis:

Autochthonous:;

Autotraophic:

Benthic/Benthonic:

Benthos:

Biotur bation:

Daphnia:

Within-lake unidirectiond motion that transports matter in lake
systems; identity of transported substance unchanged.

Sedimentary rocks whose congtituents have been transported and
deposted some distance from ther origin.  Rock masses
trangported via tectonic forces.

Minerds brought into the lake by surface water, shore erosion,
glacid trangport, aeolean processes (cf. endogenic).

Originated or caused by man.

Process by which mineras form in a sedimentary rock after its
depaosition, i.e. formed where found (q.v. diagenesis).

Sedimentary rocks formed in place; bedrock masses that remain in
place in mountain belts.

Pertaining to organisms able to manufacture their own food from
inorganic substances.

Reating to, or occurring at the bottom of a body of water and/or in
ocean depths.

Aquatic organismsthat live on or in the bottom of a body of water.

Burrowing activity/mechanicd disturbance caused by benthic
organisms or fauna; dirring of sediments by the activity of burrowing
benthonic organisms.

An important invertebrate freshwater crustacean, and one of the
mogt sengtive to heavy metds.
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Diagenesis:

Endogenic:

Epifauna:

Epilimnion:

Euphausids.

Euphatic:

Exuviae:

Floodplain Lake:

Halocline:
FTU:

Hemipéagic:

Heter otrophic:

Hypolimnion:

Infauna:

Sum tota of processes (physica, chemica and/or biologica)
bringing about changes in sediment or sedimentary rock after its
deposition in water (g.v. authigenesis).

Minerds originating from processes occurring within the water
column.

Organisms that inhabit the water column, remote from sediments.

Upper zone of lake waters, generdly wel-mixed by surface
currents and wave action, and can be sgnificantly warmer than
poorly-mixed deeper waters, i.e. hypolimnion.

An order of drimplike crusacean organisms, commonly
[uminescent.

Relates to or congitutes the upper layers of a body of water
penetrated by sufficient light to permit growth of green plants.

Cagt-off skin, shdll or covering, asin molting organisms, animals.

Lake subject to periodic sit influxes and nutrient-laden river water
ether by inundation or sometimes by connections to river channels,
receive highly variable amounts of river weter.

Water layer in which there is alarge change in sdinity with depth.
Formazin Turbidity Units.

Refers to organic-rich fine-grained sediments found on continenta
margins or the trangtiona zone between a continental shelf and the
deep sea.

Requiring preformed organic compounds of nitrogen and carbon for
food; unable to manufacture food from inorganic compounds.

Poorly-mixed deeper waters of alake.

Organisms that inhabit/reside in sediments.
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Instars:
JTU:
Lacustrine:

Lakes:

Lysmeter:

Discrete stages of growth or development

Jackson Turbidity Units.

Of, or pertaining to, or formed or growing in, or inhabiting lakes.

Dimictic:
Dystrophic:

Eutrophic:

Holomictic:

Meromictic;

Mesotrophic:

Oligotrophic:

Polymictic:

A lake which circulates verticdly twice ayear.
L ake decaying to extinction.

Rich in dissolved nutrients (phosphate and
nitrate); often shalow and seasondly deficient
in oxygen; denotes degree to which lake has
aged.

The whole lake volume undergoes, at
sometime, complete mixing - usudly taken to
be approximately annually.

Pat of the lake undergoes mixing; bottom
never mixes. Water mixing is incomplete; non-
circulating bottom waters are isolated from
circulating upper waters, i.e. a permanently
dratified lake.

Having a moderate amount of dissolved
nutrients.

Deficdent in plant nutrients, has abundant
dissolved oxygen with no marked dratification;
i.e. sparse productivity and sterile substrate.

Periodic, irregular, complete mixing, i.e
tropical lakes.

A device for measuring the percolation of water through soils and
for determining the soluble congtituents removed in the drainage.
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M acr obenthos:

M esocosm:

M etabolites:

Mixolimnetic:
M onimolimnetic;

M or phology:

Mysids:

NTU:

Pelagic:
Phytoplankton:
Redoxcline:

Suspended Solids:

Taconite:

Thermocline

Trophic:

See Benthos, bottom organisms of larger sze that cause or
contribute to bioturbation, g.v. microbenthos.

Intermediate to microcosm and macrocosm.

Compounds eaborated by the biologica activity of organisms
and/or products of metabolism, i.e. NH4+ and PO43-. Chemicd
products from biotransformation of xenobiotica.

Mixing strata of water.
Nor-mixing.

Structure or form of something. Basic physica feetures of lake, i.e.
depth, area, volume, perimeter, shordline development.

A type of freshwater shrimp.
Nephelometric Turbidity Units.
Pertaining to the open sea.
Microscopic plant forms of plankton.
Oxic-anoxic interface.

Paticulate matter in sugpension, usudly referring to particles of
>0.4 um diameter.

A flint-like sedimentary rock, hard enough to cut glass a
merchantable or non- merchantable ferruginous chert or ferruginous
date comprisng compact, sliceous rock contaning very findy
disseminated iron oxide.

A trandtion zone or mixing layer in a thermaly dratified body of
water that separates an upper, warmer, lighter, oxygen-rich zone
from alower, colder, denser zone which may be oxygen-poor.

Reating to nutrition or nutritiond.
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Upland L ake: Isolated from river water; usudly clear water bodies with stable,
well-vegetated banks, and bottoms that dope gently from shore.
Bottom subgtrates typicaly organic muck, but shalow areas can be
hard sandy materid overlan by smooth gravedl and cobbles.
Emergent and submergent rooted vegetation is common. Lakes are
deepest in regions of pronounced relief; may have bottom aress
with abrupt and considerable depth variations.

Vadose water: Subsurface water aove the zone of saturation in the zone of
aeration.

Vadose Zone: Region/area with groundwater suspended or in circulation above the
water table.

Zoobenthos; Benthic faunathat lives on or in the lake bottom.

Zooplankton: Animd forms of plankton.
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