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Phase 2: Cold Temperature Leaching
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Professor, Department of Biology, Laurentian University, Sudbury, Ontario, Canada,
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EXECUTIVE SUMMARY

Cold temperature column leaching tests at 2 °C and 10 °C were conducted for Cullaton
Lake B and Shear (S) - Zones tailings to ev’aa;.i‘ggte their oxidation and leaching
characteristics at low ambient temperatures. The te:sts were an extension of an earlier
room temperature study at 25 °C (Phase 1) in which both B and S - Zones tailings

produced acidic drainage under laboratory simulation conditions (Davé, 1992).

The low temperature leaching studies were designed to simulate conditions similar to
those expected within the tailings at the Cullaton Lake site afier implementation of a
decommissioning plan of covering the tailings with approximately 1.5 m of wasterock and
overburden for promoting freezing and permafrost conditions within the tailings. It was
anticipated that during the frost free period some of the tailings might thaw to

temperatures ranging between 0 °C and 10 °C.

These tests were conducted 1n clear acrylic columns, 12.5 cm in diameter and 80 cm high.
Duplicate columns were filled with well mixed tailings from each zone, inoculated with a
solution containing Thiobacillus ferrooxidans culture and placed in a walk-in refrigerated

experimental cold chamber. The tailings were allowed to weather under unsaturated
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conditions at the desired cold temperatures of 2 °C and 10 °C, and leached by rinsing with

well aerated natural lake water chilled to the same experimental temperature.

The leaching scheme consisted of batch additions of I | (litre) natural lake water, once
every one or two weeks, to each expenmental column undergoing weathering. The
columns were allowed to drain freely during the intermediate period. Effluent was

collected and analyzed for pH, redox potential (Eh), electrical conductance (Ec), total
acidity, total alkalinity, and dissolved concentrations of SO42', total Fe, Ca, Mg, Al, Mn,

Sb, As, Cu, Ni, Zn, Pb, Hg, Si, and CN'. The tailings were first weathered and leached at
2 °C for two years, and then at 10 °C for another year. For starting the leaching
experiment at 10 °C, the experimental chamber and tailings were warmed to the desired
temperature, individual tailings homogenized and the columns recharged. The column

leaching results are as follows: :

7y )

. Oxidation and acid generation occurred in both B and S - Zones tailings at low (2 °C)
and intermediate (10 °C) temperatures. The rate of acid generation was low and the
occurrence of acidic drainage was delayed at these temperatures compared to those

observed at 25 °C in the previous study by Davé (1992).

. The B - Zone tailings contained relatively high sulphide (2.31% as S) and high total
available alkalinity (45.36 kg CaCOsj/tonne tailings), and had a large negative net
neutralization potential (NNP) of -26.84 kg CaCOj/tonne tailings. The acid generation

rate in the tailings at 2°C was low such that a reasonable degree of acid neutralization
was achieved and acidic drainage prevented during most of the leaching period at this

temnperature.

. Acidic drainage occurred near the end of the leaching period at 2 °C but the overall

impact in terms of total acidity and effluent metal loading was low.



Near the end of the two year leaching at 2 °C, the drainage effluent was characterized
by a pH of ~ 6.6, acidity ~ 300 mg CaCO; /], and concentrations of SO.* at ~ 2,000
mg/l, Fe ~ 150 mg/l, Ca ~ 500 mg/l, Mg ~ 100 mg/l, Al ~ 0.15 mg/l, and Mn ~ 20
mg/l. Trace amounts of As ~ 0.1 mg/l, Ni ~ 0.1 mg/l, and Pb ~ 0.5 mg/l were also

observed. Cu, Sb, Hg, and Zn levels were below detection limits.

A cumulative total of 21% of the total sulphur contained in the B - Zone tailings was
mobilized and removed as total sulphate in the effluent during the two year leaching
period at 2 °C. Approximately 10% of this total sulphur was present in the soluble
form which leached rapidly, within two months, at the beginning of the experiment.
The remaining ~ 11% of the total sulphur was removed as a result of acid generation

and neutralization at 2 °C.

The magnitude of acidic drainage initially incé'z{'sed for B - Zone tailings during
leaching at 10°C. Concentration peaks for acidity, iron and some metals were observed
after approximately two months of leaching. The effluent was characterized by a pH of
~ 5.0, moderate acidity ~ 850 mg CaCOs3/], and concentrations of SO42' at ~ 3,500
mg/l, Fe ~ 450 mg/l, Ca ~ 500 mg/l, Mg ~ 100 mg/l, Al ~ 0.2 mg/l, and Mn ~ 22 mg/l.
Low concentrations of As ~ 0.2 mg/l, Ni ~ 0.15 mg/l, Pb ~ 0.5 mg/}, and Sb ~ 0.03
mg/l, were also observed, but Cu, Hg, and Zn levels were below detection. After
peaking, the magnitude of the acidic drainage gradually decreased with time to a low

level in the last six months of leaching,

A cumulative total of 5.3% of the total sulphur contained in the B- Zone tailings was

further mobilized and released during one year of leaching at 10 °C.

In contrast to the room temperature (25°C) leaching of the B - Zone tailings (Davé,
1992), the above results indicated very slow oxidation at 2°C and an initial slight to
moderate oxidation during leaching at 10°C. The overall impact of acidic drainage

from B - Zone tailings was low, in the short term, at colder temperatures due to
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complete acid neutralization. The tailings retained appreciable amounts of moisture
(85-100% pore volume saturation) during laboratory leaching, which further limited

oxidation and acidification, thereby controlling acidic drainage and reducing its impact.

The S - Zone tailings contained relatively low sulphide (0.4% as S) and low total

available alkalinity (2.0 kg CaCOs/tonne tailings), and had a moderate negative net

neutralization potential (NNP) of -10.5 kg CaCOs/tonne tailings. The acid generation
rate in these tailings was also low at 2 °C, but because of low available alkalinity there
was insufficient acid neutralization and acidic drainage occurred early in the 2 °C

leaching period.

During the middle of the two year leaching period at 2 °C, acid drainage peaked where
effluent was characterized with a pH of ~ 3.0,"~§3}'9derate acidity ~ 600 mg CaCOs/l,
and dissolved concentrations of SO4>" at ~ 700 xrlg/l, Fe ~ 175 mg/l, Al ~ 25 mg/l, Mn
~ 30 mg/l, As ~ 0.4 mg/l, Cu ~1.2 mg/l, Ni ~ 1.0 mg/l, Zn ~0.4 mg/l, Pb ~ 2.0 mg/],
and Si ~ 50 mg/l. Effluent concentrations of Ca and Mg were low at 30 and 10 mg/l
respectively. Sb was present at trace levels, ~ 0.03 mg/l, and Hg levels were below

detection.

A cumulative total of 42% of the total sulphur contained in the S - Zone tailings was
mobilized and released during the two year leaching at 2 °C. The tailings contained
approximately 25% of the total sulphur in the soluble form which was quickly
removed within first two months of leaching at 2 °C. Further leaching at 2 °C resulted
in an additional mobilization and removal of sulphate in the amount equivalent to 17%

of the total sulphur contained in the tailings.

With the raising of the leaching temperature to 10 °C, the acidic drainage continued
and increased in magnitude for S - Zone tailings. Similar to B - Zone tailings, effluent

concentration peaks for acidity, iron and metal loading were also observed initially
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during leaching at 10°C. The effluent was characterized by a pH of ~ 3.0, moderate
acidity of ~ 650 mg CaCOs/], and dissolved concentrations of 5042' at ~ 1,500 mg/l,
Fe ~ 225 mg/l, Ca ~ 500 mg/l, Mg ~ 100 mg/l, Al ~ 25 mg/l, Mn ~ 30 mg/l, As ~ 0.2
mg/l, Cu~ 1.2 mg/, Ni ~ 1.5 mg/l, Zn ~ 1.0 mg/], Pb ~ 2.0 mg/], and Si at 50 mg/l. As
was the case for 2°C leaching, the effluent concentrations of Sb were at trace levels,
~ 0.06 mg/l, and Hg concentrations were below detection. The magnitude of the acid
drainage, after peaking, also decreased slowly with time to a low level in the last six

months of leaching.

A cumulative total of 13% of the total sulphur contained in the S- Zone tailings was

further mobilized and released during one year of leaching at 10 °C.

The S - Zone tailings were also characterized by a high moisture retention and poor
drainage that lirnited the oxidation, acidification and overall impact to the well drained

upper layer.

In contrast to what was seen with B - Zone tailings, no significant reduction in acidic
drainage from S - Zone tailings was observed during leaching at lower temperatures
from that of room temperature (25°C) in the earlier study, reflecting the low total

available alkalinity and inadequate neutralization in S - Zone tailings.

It is recommended that the data should be further examined and analyzed to obtain
acid generation and metal loading rates at the three study temperatures (25°C, 10°C,
and 2°C). Quantitative mucrobiological studies should also be undertaken to

distinguish between (and measure) chemical and biotic oxidation at low temperatures.

The tailings facility at the Cullaton Lake site should also be assessed for its current

physical, chemical, mineralogical and biological status by undertaking suitable field

studies.
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1.0 INTRODUCTION
1.1 Background to Study

This report describes the column leaching study of the Cullaton Lake mine tailings and
compares cold temperature results to those obtained under warm conditions, and is the
second in a series of reports that recommends ways of safely decommissioning the tailings

and waste management facilities at the site.

The Cullaton Lake Gold Mines Ltd., owned by Homestake Canada Inc., is located in the
district of Nunavut and Keewatin sub-district, Northwest Territories, at 61° 16' north
latitude and 98° 30' west longitude. The property is located 416 km northwest of
Churchill, Manitoba, and 620 km north of Thompson__, Mamnitoba (Fig. 1). The site is at the

tree line and in the zone of continuous permafrost. ¥

The Company (Cullaton Lake Gold Mines Ltd.) operated a 300 tonnes per day gold mill at
the site from October 1981 to August 1985 and produced about 100,000 ounces of gold.
The site has been on care and maintenance since September 1985, and in 1992 the tailings
surface was covered with a 1.5 m layer of wasterock and overburden for promoting

freezing and permafrost conditions within the tailings.

The ore milled at the site came from two distinct orebodies referred to as the B - and
Shear (S) - Zones. A total of 373,000 tonnes of ore was processed at the mull, of which
150,000 tonnes came from the B - Zone, and the balance of 223,000 tonnes from the
Shear (S) - Zone. The B - Zone is located at the mill site, and the _S_}le‘z}.r_ (S) - Zone 1s

located approximately 5 km to the north (Fig. 2).

The Cullaton Lake B - Zone deposit was a gold-bearing iron formation in a turbiditic
sedimentary basin which formed part of the Rankin Inlet - Ennadi Archean greenstone belt

in the Keewatin geological district of the Northwest Territories. The belt consisted of
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clastic sediments (turbidites), pillow lavas and iron formations. This assemblage was

indicative of an eugeosynclinal environment.

The B - Zone tron formation consisted of four distinct facies, namely, carbonate, silicate,
oxide and sulphide. The gold mineralization was confined in a strata bound nature to the
sulphide facies iron formation. Pyrrhotite and pyrite were the dominant sulphides with
lesser amounts of arsenopyrite and chalcopyrite. Gold occurred free in the
non-metalliferous gangue and showed no preference for any one sulphide (Page, 1983;

Trow, 1991).

The Shear (S) - Zone was located in a discontinuous ridge outcrop of orthoquartzite. Gold
occurred in the fractured and sheared orthoquartzite at the Shear (S) - Zone deposit.
Mineralization was found in altered shears, breccia zones, pyritic shears, and pynitic

sericitic impure quartzite (Chataway and Hanson, 19@;'Trow, 1991).

Because of pytite, pyrrhotite and other reactive sulphide mineralization of the orebodies,
the acid rock drainage reiated issues from tailings and wasterock needed to be addressed.
The Elliot Lake Laboratory, CANMET, Energy, Mines and Resources Canada, Elliot
Lake, Ontano, was contraciad to conduct detailed kinetic leaching tests on Cullaton Lake
B- and S - Zone tailings. Resuits of column leaching tests performed at room temperature
and under conditions of batch leaching and rest cycles have been reported previously
(Davé, 1992). This report is on work carried out at low (2 °C) and intermediate (10 °C)

temperatures.

Previous tests were of a worst case scenario of favourable oxidation and leaching
conditions at room temperature (25 °C). In reality, for most of the year at the northemn
site, ambient temperatures are quite low where both chemical and biological oxidation

processes proceed slowly (Knapp, 1987).



Available data and the RATAP model showed that there was considerable decrease in the
rate of oxidation as the temperature approached 0 °C. The relative rate of oxidation
reduced to about 10% of the relative rate occurring between 25 °C and 30 °C. However,
little is know about further decrease in acid generation rate at temperatures below 0 °C

(GEOCON, 1993).

Nearly half of Canada is covered by permafrost and there are approximately 190 mines
and important mineral deposits in the Yukon and Northwest Territories (Kane and Brown,
1986). Permafrost encapsulation and cold temperature conditions at northern latitudes
offer unique management options for reactive tailings and wasterock which are of interest

and should be pursued.

Current tests were undertaken at cold temperatures to evaluate differences in leaching
characteristics among different temperature regime;’;;'Low temperature leaching studies
were designed to simulate conditions similar to those expected within the tailings at the
Cullaton Lake site after implementation of a decomnussioning plan of covering the tailings
with approximately 1.5 m of wasterock and overburden for promoting freezing and
permafrost conditions within the tailings. It was anticipated that during the frost free

period some of the tailings might thaw to temperatures ranging between 0 °C and 10 °C.

1.2 ARD and Its Control

Acid Rock Drainage, or ARD is a term used to define drainage that occurs as a resuit of
oxidation of sulphide minerals exposed to air and water (British Columbia Acid Mine
Drainage Task Force Report, 1989). ARD is also referred to as Acid Mine Drainage
(AMD). This phenomenorn, however, is not confined to mining activities, as it may occur

wherever sulphate bearing rock is exposed to water and air.

Reactive sulphide minerals, oxygen and water, in combination cause ARD. The process is

accelerated several orders of magnitude by biological activity. In ARD, the biological



oxidation is caused by bacteria such as Thiodacillus ferrooxidans and Thiobacillus
thiooxidans. These bacteria are capable of oxidizing iron and sulphur from their
environments to obtain energy. Growth of the bacteria is manifested by a decrease in pH
and an increase in the concentration of oxidized iron. Thiobacillus ferrooxidans are most

active in waters with a pH of approximately 3.2.

In the presence of air and water, the sulphide mineral is oxidized, in this instance, the

mineral is pyrite:
FeSy+7/2 0y + Hy0 = Fe’" +2 5044+ 2 H'
An oxidizing environment will further oxidize the ferrous to ferric iron,
Fe’" +1/4 0+ H' = Fe3+illi/2 H,0

For pH’s above 3, the ferric iron is readily hydrolyzed producing ferric hydroxide

precipitate and a further decline in pH,
Fe’* +3 H,O = Fe(OH); + 3 1
The ferric iron not precipitated as ferric hydroxide may oxidize additional pyrite as:
FeSy+ 14 Fe’" + 8 Hy0 = 15Fe’* +2 50, + 16 H'
The result of these reactions is a distinct orange tinge to the host matenal as well as low
pH pore water, capable of leaching heavy metals and other soluble minerals from the host

rock. The major environmental impact of this process is felt when such low pH water

migrates into the receiving environment, be it lake, river, stream, or other receiver. The
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fugh acidity and metal content of this mobilized water may cause serious damage to plant

or animal life in these receiving areas, through acidification and adsorption of these metals.

Through research of the ARD problem, controls have been devised for dealing with ARD.
These controls include: the control of the acid generation process, the control of the ARD
migration and the collection and treatment of ARD. Control of the acid generation process
is the preferred measure. It is preferred because if acid generation is eliminated or reduced
to an insignificant level, there is no danger of contaminants entering the environment. The

success of this control measure depends on inhibiting the oxidation of the sulphides.

Permafrost encapsulation is believed to be a significant method for abatement of ARD.

Factors that affect ARD generation in northern environments include the following:

. low temperature conditions slow cher‘é}‘d'al and biochemical oxidation of
sulphide munerais (Klohn Leonoff, 1992);

. Snow, ground frost and ice cover provide a barrier of limited permeability for
oxygen diffusion, thereby limiting the rate of sulphide oxidation;

. bacteria responsible for sulphide oxidation reactions and accelerating the
release of acidity have limuted activity at temperatures below 5°C; and

. high precipitation events that occur duning seasonal snow melt periods can
result in detnmental effects on receiving environments by flushing any

accumulated oxidation products from the surface of the waste matenal.

Since pyrite oxidation is an exothermic reaction, and pore water does not freeze entirely

below 0°C, the effectiveness of permafrost as an oxidation mitigator is questionable

(Morin, 1995).

This study was undertaken to determine the chemical oxidation rate and acid generation
potential, including metal release and changes in leachate water chemistry, for Cullaton

Lake tailings at low and intermediate temperatures.



1.3 Site Description

Page (1983), and Chataway and Hanson (1983) have studied the geology and mineralogy

of the Cullaton Lake area in detail. A brief summary is provided here for background.

The mine property is located within the Churchill Structural Province of the Canadian
Shield in what is termed the Kaminak sub-province, a Precambrian greenstone belt which

extended from the Saskatchewan border to the Rankin Inlet.

The oldest units were intercalated volcanic and sedimentary rocks of Archean age called
the Henik Group. This group consisted of heterogeneous volcanic rocks, predominantly
andesite and basalt, intercalated with clastic sediments of greywacke and argillite

composition.

.’t{x’.-‘

The Archean Henik Group was separated from the Lower Proterozoic Montgomery Lzake
Group by a series of plutonic and associated metamorphic rocks. This sequence was
comprised of various bodies of granodiorite and monzonite which had transformed the

Henik Group rocks into a variety of gneisses and schists.

The lower Proterozoic Montgomery Lake Group lay unconformably above the Henik
Group and the intrusive metamorphosed sequence. This group was comprised of a thick

series of boulder-conglomerate, greywacke, quartzite and siltstone.

The Hurwitz Group, Aphebian in age, lay unconformably above the Montgomery Lake
Group. It was comprised of a broad assemblage of clastic sedimentary rocks, including

conglomerate, orthoquartzite, slate, shale, dolomite, greywacke and arkose.

A sequence of middle Proterozoic intrusive rocks consisting of granite, quartz monzonite,

granodiorite, gabbro and diabase dykes intruded the rocks of the above-described groups.



B - Zone

Gold mineralization in the B - Zone was confined to sulphide iron formations in the

sedimentary sequence of the Henik group.

Based on dominant mineralogy, the B - Zone iron formation consisted of four distinct
facies, namely, carbonate, oxide, silicate, and sulphide. The gold mineralization was
confined in a strata bound nature to the sulphide facies iron formation. The carbonate iron
formation consisted of layered chert and ankerite; the oxide iron formation consisted of
chert, magnetite, and siderite with minor iron sulphides and chiorites; the silicate iron
formation consisted of chert, chlorite and minor amounts of stilpnomelane, minnesotaite
and siderite; and the sulphide iron formation consisted of chert, pyrrhotite, pyrite,
arsenopyrite, magnetite, siderite, minor chalcopyrite and chiorite. The sulphide facies was

found within, or bordering the oxide facies and rangé—'&-ih thickness from 0.6 to 17.5 m.

The gold occurred free in the non-metalliferous gangue and showed no preference to any

one sulphide or arsenide mineral.

The trace element content of the B - Zone iron formation was comparable to that of the
Algoman type iron formation with the exception of increased amounts of Au and Ag. Au
and Ag were enriched in the iron formation in all lithologies, and displayed a positive
correlation with As and S. Sr, Y, Rb, Ce, Ba, Ni and Zn form a group of elements which
showed a strong positive correlation within the group, and negative correlation with Au,
Ag, S and As. Zn, Co, Cu and Sb as in most Algoman type deposits occurred in very low
abundances, and their distribution did not correlate with that of any other element. It was

assumed that the local concentrations of these elements controlled their abundances.

The veins of the deposit contained low quantities of gold compared to lithologies that they

transected.



Approﬁﬁately twelve iron formations in the Cullaton Lake district occurred along a strike
length of 30 km and through a stratigraphic thickness of up to 15 km. The lithological
control of gold in the B - Zone orebody might also be found 1.8 km down strike from the
deposit in the same iron formation. The same relationship was also found in an iron
formation (the A-Zone iron formation) 0.6 km west of the B - Zone. The other iron
formations of the district were sampled in outcrop and boulders, and it was demonstrated

that the high gold content of sulphide lithology persisted throughout the district.

The association of economuc quantities of gold with sulphide iron formation suggested a
sedimentary origin for the gold. The wide geographical and stratigraphic distribution of
the high-gold sulphj‘de lithology suggested that gold was introduced into the turbiditic
basin in hydrothermal solution for the entire history of the basin. The localization of gold
with a discrete lithology suggested that the precipi‘@tion of gold was controlled by local
chemical-sedimentary conditions within the basin, rafifé'r’ than proximity to a discharge site.
It was suggested that gold, arsenic and antimony remained in solution as thio complexes.
Precipitation of these elemeants was prompted by the reduction of reduced sulphur species

as a consequence of the local precipitation of iron sulphides.
Shear (S8)- Zone

The Shear (S) - Zone area was underlain by orthoquartzite and slate, shale and siltstone.
The former occurred as a discontinuous ridge of outcrop extending almost the length of

the property in a north-south direction.

The orthoquartzite was white with variations of pink to red, fine-grained to glassy, and
varied from thin bedded to thick bedded or massive. Typically, the orthoquartzite was
composed of 97% or more quartz, with only scattered sericite, feldspar and magnetite.
Less pure quartzites occurring in the lower part of the unit were commonly sheared and

contained sericite and pymite.
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A greywacke underlay the orthoquartzites with a conformable contact indicating that the
greywacke was a part of the Hurwitz Group and not the Henik volcanic. The thinly
bedded shale, slate and siltstone unit occurred stratigraphically above the orthoquartzite
and the contact area was an interbedded transition zone of siltstone and quartzites with

strong hematitic staining.

Gold occurred in the fractured and sheared orthoquartzite in the Shear - Zone orebody.
Mineralization was found in: a) altered shears; b) breccia zones; ¢) pyritic shears; and

d) pyritic sericitic impure quartzte.

The altered Shear Zones were extensive and related to the regional structural patterns.
Alteration products common to most zones were saponite, limonite, and hematite with
occasional chlorite, epidote and sericite. Quartz and tourmaline were present in some
zones. Gold occurred as free gold, visibly as shearéé%’ﬂecks or as fine nuggets and as a

residue after the transformation of auriferous pyrite to limonite,

A vuggy quartz pyritic quartzite breccia containing gold appeared within an altered

Shear Zone having pyrite with milky white quartz matrix.

Unaltered Shear Zones consisting of closely spaced pyrite-filled fractures were also gold
bearing. The pyrite occurred as loosely packed filling in the fractures. Generally, these

zones were narrow and appeared discontinuous.

A different type of gold mineralization was observed in the impure sheared sericitic
quartzite consisting of 5 to 15% pyrite (8% average), disseminated to semi-massive in
places. The alteration products of the Shear Zones were not present, but strong sericite

and/or epidote was present in the sheared rock, possibly having been introduced

post-deformation.
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A characternistic feature of the auriferous zones was a pyritic halo extending from 0.5 to
6 m. The pyrite content averaged 2 to 3% but could be as much as 15%. Generally, the

pyritic halo had a low gold content.

2.0 EXPERIMENTAL METHODOLOGY
KINETIC LEACHING TESTS

2.1 Experimental Arrangement

Column lysimeter leaching tests were conducted for both B- and Shear (S) - Zones tailings
at cold temperatures (2 °C and 10 °C), to determine their oxidation and leaching
characteristics at representative field temperature conditions similar to those existing at the

site through much of the frost free season. At

The equipment consisted of four clear acrylic columns, open at the top but closed at the
bottom, with overflow valves near the top of the columns and drainage valves at the
bottoms. Attached to the drainage valves were polyethylene hoses. These hoses were
included to ease collection of effluent in the collection bottles. Each leaching column
consisted of a clear acrylic tube, 80 cm in height and 12.5 cm in diameter, the bottom of

which contained 7.5 cm thick layers of clean gravel and sand for bed support and filter

purposes (Fig. 3).

A wooden support stand was used to hold the columns upright and to raise the columns

off the floor. A representation of the columns and stand is given in Fig. 4.

The columns had been previously used in tailings experiments and, therefore, had to be
cleaned. Each column was filled with approximately 10 | of distilled water, acidified with
200 ml of concentrated hydrochloric acid and allowed to sit overnight. The following day,

the acid-water mixture was drained from the columns. The columns were then thoroughly
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rinsed with cold tap water to remove the last of the acid and other material still remaining
in the columns. The columns were then rinsed again with distilled water and replaced in

the support stand and left to air dry.
2.2 Sampling Procedures

2.2.1 Tailings Sampling, Loading of Columns and Placement

in the Cold Temperature Chamber

The tailings used in the expenment were transported from the Cullaton Lake mine to the
Elliot Lake laboratory in four metallic containers. Two of these containers were filled with

B - Zone tailings while the other two were filled with S - Zone tailings.

To achieve a representative sample, both B - Zone%hiiings samples were combined into
one sample and the S - Zone tailings combined into another separate sample. Each
combination sample was mixed together in a clean dry cement muxer. After thirty minutes
of mixing, the sample was removed from the mixer and the columns were charged. Two of
the columns were charged with B - Zone tailings and the other two were charged with
S - Zone tailings. Each B and S - Zone column contained exactly 9.7 kg of tailings as

received (wet).

The support stand with columns was then moved into a refrigerated cold temperature

chamber which was maintained at the desired experimental temperatures for the duration

of the study.
2.2.2 Inoculation with Bacterial Culture

Since the experiment involved ARD, inoculation of the samples with Thiobacillus
ferrooxidans was necessary. A mixture of 500 ml of lake water and 100 ml of mine water

containing the bacterial culture was placed in the cold chamber so as to reach experimental
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temperature before being added to the columns. Upon addition of this mixture of mine and
lake water, a compaction of 4.5 cm was noted in the S - Zone columns, while the B - Zone
columns exhibited a compaction of 2.4 cm. The columns were then left to acclimatize for a

week.
2.2.3 Leaching Scheme

Column leaching at 2 °C was carried out from January 1992 to December 1993 / January
1994. In December 1993, the temperature regulator of the experimental chamber
malfunctioned resulting in freezing of test samples. The problem was quickly rectified, the
samples were allowed to thaw completely by raising the chamber temperature to
approximately 5 °C, and the leaching experiment at 2 °C was continued. The freezing of
the tailings, however, had altered sample condition as well as the effluent quality,
resulting in the loss of its previously established le;éﬁing reference point with respect to
the elapsed time. The experiment was continued for another month but in January 1994

when the effluent quality did not re-establish, it was discontinued.

The experimental chamber temperature was then raised to 10 °C and the second leaching
condition was established. Before starting the leaching experiment at 10 °C, the test
columns were removed temporanly from the cold chamber, the tailings samples
homogenized individually, the columns recharged and returned to the experimental
chamber. While mixing the samples outside, adequate precautions were taken to keep
temperatures close to 10 °C. The experimental columns were allowed to acclimatize for
few weeks in the test chamber but were not re-inoculated with the Thiobacillus
Jerrooxidans culture solution. The leaching cycle at 10°C was initiated in February 1994

and continued till February 1995.

The test samples were allowed to weather at the experimental temperatures and rinsed
periodically with natural lake water that was added to the columns at the rate of 1 ] (litre)

per week till October 1992, thereafter the schedule was changed to 1 | every two weeks.



13

Effluent collection bottles were of an opaque white plastic, with a short handle. The
bottles were 26 cm hugh, of rectangular shape having base dimensions of 10 cm x 10 cm.
These were acid-washed prior to sample collection. After filling water to which a small
amount of concentrated hydrochloric acid was added, the bottles were set aside, so that
the acid could fully combine with the water already in the bottles. After one day, the
containers were rinsed thoroughly with cold tap water and then with distilled water, then

set aside to air dry. Once dry, the bottles were weighed.

After the first week into the experiment, no water had collected in the effluent bottles. A
500 ml portion of lake water was added to each column and the water was allowed to
drain for another week. The following week, drainage effluent had collected in the sample
bottles and testing could begin. The amount of sample collected was small, therefore the
amount of water added to the columns was increased.to 1 1.

Ty Y

2.2.4 Water Sampling, Filtration and Sample Preservation

The sample bottles together with the collected effluent were first weighed to determine the
effluent volumes. The samples were sub-divided and initial sample aliquots for pH, redox
potential, conductivity and ferrous iron measurements were taken. The remaining samples
were filtered to remove all the suspended solids and preserved for other analytical

procedures.

The filtration was accomplished using a | | filtration flask, a filtration funnel and a 0.45

um membrane filter. The flask was connected to a vacuum system for filtration.

The sample collected in the effluent containers was poured into the filtration funnel in 250
ml portions until the entire content of the containers was filtered. The filtrate was then

poured into three different sample bottles, a 1 | plastic bottle, a 100 ml plastic bottle, and a

100 ml amber glass bottle.
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To the 1 1 plastic bottle, concentrated hydrochloric acid was added, while concentrated
nitric acid was added to the 100 mli plastic bottle. 5N sodium hydroxide was added to the
100 ml amber glass bottle. These two acids and base were added to the samples to
preserve them. The three bottles contained water samples that would be used for three

different purposes.

The amber bottle was used to hold sample that would be analyzed for cyanide content.
The CN'" ion is very reactive and unstable and will react when exposed to sunlight which
necessitated the sample preservation in an amber bottle. The SN sodium hydroxide also
inhibited the CN'" ion’s reactivity by increasing the pH and hence loss of cyanide as HCN

gas. Sodium hydroxide was added until the pH was 12 or greater.

High reactivity of the sample in the 1 | and 100 m} plastic bottles was not the primary
reason for the addition of acid. The acid was added%;cause certain cations, such as Al
Cd, Cu. Fe, P, Mn, Za and Ag, were subject to loss by precipitation, adsorption on, or
ion exchange with the coniainer walls. Between one to five percent acid by volume of
sample was added to preserve the sample at a pH of approximately 2.0. At this pH the

ions remained in solution and both the adsorption and ion exchange were minimal.
2.3 Analytical Procedures and Quality Assurance/Quality Control (QA/QC)
2.3.1 Water Samples

The water samples were anzalyzed for pH, redox potential (Eh), electrical conductance
(Ec), total acidity, total alkalinity and dissolved concentrations of SO42', Al, Sb, As, Ca,
Cu, ferrous iron (Fez+), total Fe, Pb, Mg Mn, Hg, Ni, St and Zn. The water samples were
pre-filtered with 0.45 pm membrane filters and stabilized with dilute nitric acid for
dissolved metals and hydrochloric acid for SO42' determinations as described above. The

acid was added 1o the sample in the amount of 30 ml per litre.
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For most analyses, the Standard Methods for the Examination of Water and Waste Water,
American Public Health Association (Greenberg et. al,, 1992), were followed. Dissolved
metals/elements concentrations were measured using an Inductively Coupled Argon
Plasma Atomic Emission Spectrophotometer JICAP-AES), and SO4%" concentrations were

determined using radiochemical methods as described below.

2.3.1.1 Primary Parameters
pH, Eh, Ec, Total Acidity, Total Alkalinity

The primary parameters were measured in water samples as collected and prior to their
filtration for maintaining sample integrity, without loss of dissolved gasses or oxidation of
metal ions specially ferrous Fe’*. The pH was measured using a standard glass body
combination pH electrode with a saturated Ag / ;@gCl reference electrode. The redox-
potential, Eh, was measured using a platinum and a calomel (Hg / HgyCly) reference

electrodes. The measured Eh was normalized to standard hydrogen electrode references
(NHE) by adding calomel and hydrogen electrodes potential difference of +244 mV. The
electrical conductivity, Ec, was measured using a small volume (5 ml) conductivity cell. l
All these parameters were measured at the cold sample temperature (as received) and
normalized to the standard room temperature of 25 °C with an automatic temperature

compensator (ATC) or a temperature compensation procedure for Ec measurements.

Total acidity and alkalinity were measured by titrametric methods. The acidity in sample
solutions containing hydrolizable metal ions, e.g. Fe3+, AJ3+, etc. and polyvalent cations,
was measured as a maximum potential acidity by lowering the pH below 4 and oxidizing
the reduced ionic species with few drops of 30% H;0,,. The sample solution was then
titrated with a standard alkalinity (NaOH) solution to pH 8.3 using a potentiometric

titration method.
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The alkalinity was also measured using a potentiometric titration method. An aliquot of
sample solution was titrated with a standard acid (H,SO4) solution to pH 4.5. For low

alkalinity solutions, additional titrant was carefully added to reduce the pH exactly 0.3 pH

units and the total titrant volume was used for alkalinity calculations.
2.3.1.2 Elemental Analysis

Quantitative analysis of dissolved metals and sulphur in solution samples was performed
using a Thermo Jarrel Ash Inductively Coupled Argon Plasma - Atomic Emission
Spectrophotometer (ICAP-AES), model Polyscan 61E. Elemental concentrations were
measured following appropriate wave length calibration, standardization, matrix matching,

inter-element and background corrections, and quality control.

Each solution sample was analyzed three times and“the analytical results had a typical
vanance of less than 3%. A quality control (QC) sample, having a similar composition and
matrix, was also analyzed every ten samples, and the system stability was checked by the
observing variance in the QC sample elemental concentrations. A QC fail command was
set at the analyte variance exceeding 5% each element, and upon the detection of the fail
command the instrument was automatically re-calibrated and the analyses repeated.

Typical detection limits for the ICAP AES were below 0.03 mg/1 for most elements.
2.3.1.3 Sulphate Analysis

For solution samples, the sulphate concentrations, in the absence of other soluble sulphur
species, were measured using the above described ICAP-AES. In other cases, a

radiochemical tracer technique using a gamma emitter Ba-133 radioisotope was used .
The radiometric method consisted of precipitating sulphate as Ba (Ba-133)SO4 by the
addition of a precipitating solution containing a fixed ratio of BaCl, / (Ba-133)Cl,

concentrations. The sulphate concentration was determined by measuring the recovery of
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Ba-133 radioisotope using a gamma spectroscopy system. The instrument measured the
activity of Ba-133 isotope using its 356 keV gamma energy peak with a 10 cm x 10 cm
diameter Nal(T1) detector. By fixing the concentration ratio of BaCly (Ba-133)Cly, three
precipitating solutions, A, B and C were used to measure total sulphate concentrations in

the ranges of 10 - 100 mg, 1 - 10 mgand 0 - 1 mg SO4'2, in sample aliquots, respectively.

This method was preferred over other conventional methods e.g. gravimetric, turbidity
etc., for its applicability over a wide concentration range without requiring sample
dilution, and ease of operation. The method allowed preparation of samples in large
batches, and counting them at a later date and time without affecting results. For very low

sulphate concentrations (<10 mg/l) the ICAP-AES method was used.

2.3.1.4 Cyanide Analysis

2 0

For both solid and soiution samples, total cyanide concentrations were measured,
following acid digestion and cvanide distillation, using an automated colourimetric cyanide
analyzer. A solution containing cyvanide was injected in a distillator and the condensate
collected in a cell containing cyanide complexing colouring reagents. The cyanide
concentration was then automatically determined by measuring the transmittance

(absorbance) of a charactenistic wavelength of light.
2.3.1.5 Minimum Detection Limits

For solution samples, the measured instrumental detection limits, defined as 3¢ where G is

the standard deviation of the instrumental noise at background concentrations, were on the

order of 0.001 to 0.03 mg/1 for most metals and SO4’2 for the analytical methods used.
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2.3.2 Solid Samples

The tailings solid samples were pulverized to less 40 pm size and analyzed for solid phase
elemental compositions following acid digestions and complete dissolutions of the
samples. The sample solutions were individually brought to a standard volume and were

analyzed using the above described procedures.

The particle size distnibution of the dry tailings was determined using the American

Standard Testing Method (ASTM ) for screen analysis.
2.3.2.1 Sample Digestion

For metal analysis, a pulverized tailings sample (0.52;_- - 1.0 g) was completely dissolved,
first by digesting it with 20 ml of HNO3 in a IOO;H Teflon beaker and boiling it to
dryness, followed by addition of 30 ml of HF and digestion at 100 °C for silica removal.
The sample was cooled and digested with 15 ml of a cocktail containing perchloric, nitric
and hydrofluoric acids in the ratio of 2:1:7, slowly at 110 °C till dryness, followed by
baking at 180 °C till all the white fumes of perchloric acid dissociation were expelled. The
sample was cooled again and dissolved completely in 50 ml of 50% HCI, by boiling, if
necessary. All sample solutions were stabilized by adding HCI to a final concentration of
10% acid. The final volume of the sample solution was brought to 1 [ for most metals, and

100 ml for trace metal analysis, by adding de-ionized water.

For volatile elements, e.g. Pb, the samples were dissolved with nitric acid (following silica
destruction) in high pressure Teflon vessels in a microwave digestion oven. The digested

samples were then dissolved in 50% HCl as above.
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2.3.2.2 Sulphur Speciation

For solid samples, the sulphur species were determined by measuring concentrations of
total sulphur, total sulphate sulphur and obtaining the total sulphide sulphur concentration

by difference.

The total sulphur concentration was measured using a Leco furnace sulphur analyzer. A
measured amount of dry pulverized sample was ignited at a high temperature in an electric
spark furnace and the total sulphur concentration was determined by measuring the total
quantity of evolved sulphur dioxide gas using gas chromatography. Occasionally, total
sulphur concentration was also determined by complete destruction of the silica matrix and
oxidation of sulphides to sulphates either by NayO; fusion or perchloric acid digestion as

described before, followed by measurement of total sulphate concentration in the sample

solution by gamma spectroscopy or ICAP-AES. Eah
The total sulphate sulphur concentration of the sample was determined by leaching it with

distilled water for a period of 24 h to dissolve all water soluble sulphates, and measuring

the dissolved sulphate concentration by gamma spectroscopy or ICAP-AES.
2.3.2.3 Quality Assurance / Quality Control (QA/QC)

The QA/QC program consisted of analyzing 15-20% additional sample replicates, sample
and reagent blanks, certified reference standards for solid and liquid samples together

with an inter-laboratory comparison program of unknown and reference samples.

For quality control, all solid samples were digested in duplicates, together with matrix
matched control samples consisting of Canadian Certified Reference Matenal
Standards (CCRMP) for Base Metal Tailings and Ore, and appropnate sample and reagent
blanks. All samples were processed concurrently through the analytical procedures. For

dissolved metals, instrumental analytical standard deviations were set at the 5% variation
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level of a quality control (QC) sample for an automatic QC pass/fail check and re-
standardization. The overall precision and accuracy of all measured analytical parameters

were between = 5 to 10% levels depending on the parametric concentration.

3.0 RESULTS
3.1 Solid Phase Comparison

The physical parameters and chemical compositions of both B and Shear (S) - Zones

tailings are given, respectively, in Tables | and 2.

The B - Zone tailings were characterized by a dark greenish-grey colour, relatively fine
texture and particle size distnibution diameters, dyg ané"éi’so_ of 35 and 65um, respectively,
for 10% and 50% passing. The tailings had relatively high total sulphur and iron contents
of 2.63% (as S) and 0% (Fe) respectively, a total water extractable sulphate
concentration of 0.32% (as S), and a negative net neutralization potential (NNP) of -26.8

kg CaCOs/tonne of tailings.

The Shear (S) - Zone tailings were charactenized by a brownish-orange colour, slightly
coarse texture with particie size cistribution parameters, djg and dso, of 45 and 100um,

respectively. The S - Zone tailings had low total sulphur and iron contents of 0.5% (as S)

and 3.0% (Fe), respectively, a total water extractable sulphate concentration of 0.09%
(as S), and a less negative net neutralization potential (NNP) of -10.5 kg CaCOs/tonne of

tailings.

Both tailings were net acid producers, although for the Shear - Zone, both the total
sulphur content and total available alkalinity were low (Table 2). The tailings retained

appreciable amounts of moisture, ~ 10% by weight, and had very poor drainage
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charactenstics, as reported by Davé (1992) in the previous room temperature leaching

study.
3.2 Column Leaching Results

The column leaching results for 2 °C and 10 °C for B -Zone tailings are given in Tables 3
and 4, respectively. The corresponding results for S - Zone tailings are given in table 5 and

6, respectively.

The effluent water quality parameters and their variations with time are plotted in Figs. 3

to 28 for B - Zone; for sample temperature, pH, Eh(NHE), Ec, total acidity, total
alkalinity, dissolved concentration of SO42', effluent SO4- loading rate, percent
cumulative total 5042'loading, and dissolved conceq_trations of total Fe, Ca, Mg, Al Mn,
Sb, As, Cu, Pb, Hg, Ni, Si, Zn, total cnt ang‘x';ota] cumulative effluent volume,

respectively. Results for 2 °C and 10 °C are plotted separately, in figures marked with (a)

and (b), respectively. The corresponding S - Zone parameters are given in Figs. 29 to 52.

The cold sample temperatures, shown as laboratory cold temperatures in Figs. 5 and 29,
were recorded in the laboratory prior to conducting other measurements at those
temperatures. Because of sample handling, the laboratory-measured cold temperatures

were 1 to 2 °C higher than the actual experimental cold chamber temperatures.

The collected effluent volumes were measured, as received, at cold sample temperatures,
and were later normalized to the laboratory room temperature (25 °C). The effluent pH,
Eh, and Ec were measured at both laboratory cold and ambient room (laboratory warm)
temperatures, but because of fluctuations in sample temperatures, all these parameters
were temperature compensated to a standard room temperature of 25 °C. This was

accomplished with automatic temperature compensating (ATC) probes connected to the
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instruments. All other parameters were measured afier warming the samples to room

temperature.

Initially, at the beginning of the experiment, the drainage effluent from both the tailings
contained high total dissolved solids (high Ec) and elevated concentrations of calcium and
magnesium sulphates which leached rapidly over a short period of 1 to 1.5 months (Figs.
8, 15, 16, 32, 39 and 40). This period represented dissolution and removal of soluble
minerals e.g. sulphates of calcium and magnesium from the tailings, present in the tailings
as residual minerals from the milling process or accumulated as a result of previous
exposure of the tailings to the weathering process leading up to the experimental time.
After this initial period, the changes observed in various parameters were characteristic of
the weathering and leaching at the experimental temperatures. The detailed results for the

two tailings at 2 °C and 10 °C are as follows:

3.2.1 B - Zone Tailings:

pH, Eh, and Ec

The drainage effluent pH, Eh, and Ec profiles for the B - Zone tailings are shown in
Figs. 6 to 8 respectively. The pH decreased slowly from the mitial 7.0 - 7.5 range to
approximately 6.5 - 6.8 over the two-year leaching period at 2°C. With the initiation of
leaching at 10°C, the pH gradually decreased to 5.0 - 5.2 range for a penod of

approximately nine months, and recovered to ~ 7.0 near the end of the experimental

period (Fig. 6b).

The normalized redox potential, Eh(QNHE), decreased very slowly during leaching at 2 °C
from 500 - 550 mV range to ~ 300 - 400 mV. The decrease was more pronounced for
redox potentials measured after the sample was warmed to room temperature (Fig. 7a),
where the values were approximately 100 - 150 mV lower than at cold sample

temperatures. The redox potentials increased gradually during the 10 °C  leaching period,



and were in the range of 350 - 500 mV for both sample cold and room temperatures

(Fig. 7b).

The effluent electrical conductance, Ec, decreased rapidly, from an initial 14,000 - 14,500
us/cm range to ~ 250 - 300 us/cm, during the first two months of leaching and remained
constant at ~ 250 ps/cm for the rest of the leaching period at 2 °C (Fig. 8a). At the
beginning of the 10 °C leaching, Ec first increased to ~ 380 us/cm for a short period of

time, then decreased slowly to ~ 200 ps/cm (Fig. 8b) for the rest of the leaching period.

In contrast to the room temperature (25°C) leaching of the B - Zone tailings (Davé,
1992), the above results indicated very slow oxidation at 2°C and an initial slight to
moderate oxidation at 10 °C. These results are further confirmed by the production of
moderate acidity, Fe, and other metals at 10°C, as dis.cussed below.

-ﬁ.'.,

Total Acidity and Alkalinity

The total acidity and alxaliruty profiles for the B - Zone tailings are shown, respectively, in
Figs. 9 and 10. The tailings started to produce slightly acidic effluents after a period of

approximately 1.5 years at 2 °C when the acidity increased from zero to ~ 300 mg

CaCO3/1. Dunng the same period, the effluent alkalinities decreased from approximately

350 mg CaCO3M to 100 mg CaCOs3/ (Fig. 10a).

After the column freeze-up and re-initiation of leaching at 2 °C, the acidities had
decreased to near zero (December 1993 - January 1994). With the leaching of columns at
10 °C, the effluent acidities increased rapidly to approximately 900 mg CaCOs/1 peak, and
decreased to near zero towards the end of the expenimental period (Fig. 9b). During the

same period, the corresponding effluent alkalinities decreased from ~ 150 mg CaCOs/1 to

less than 10 mg CaCOs3/1 (Fig. 10b).



Sulphate and Iron

The B - Zone sulphate and iron concentration profiles are shown in Figs. 11 and 14,
respectively. The loading rate as (ug SO.* /kg tailings/day) and percent cumulative total

loading of sulphate are given in Figs. 12 and 13, respectively.

Similar to Ec, the dissolved sulphate concentration in the effluent decreased very rapidly,
from approximately 16,000 mg/l to ~ 1,500 mg/l during the first two months, and
increased very slowly to ~ 2,500 mg/l near the end of the leaching period at 2 °C
(Fig. 11a). At the beginning of the 10 °C leaching period, the sulphate concentration

increased slightly to ~ 3,000 mg/l and then decreased slowly to approximately 2,000 mg/l
(Fig. 11b).

The B - Zone sulphate loading rate at 2 °C decreasei‘ﬁbm an initial high of ~ 215,000 ug
SO4* /kg tailings/day to ~ 10,000 ug ora kg tailings/day and then increased very
slowly to ~ 15,000 pg SO42‘ /kg tailings/day near the end of the 2 °C leaching period
(Fig. 12a). At 10 °C, the sulphate loading rate remained nearly constant at about 10,000

ug S04~ /kg tailings/day (Fig. 12b).

During the 2 °C leaching period, a cumulative total of 21% of the total sulphur contained
in the B - Zone tailings was mobilized and removed as total sulphate in the effluent
(Fig. 13a). Approximately 10% of the total sulphur was present in the water soluble form,
which leached rapidly within two months at the beginning of the experiment. The
remaining ~ 11% of the total sulphur was removed as a result of acid generation and
neutralization during the balance 1.8 y of leaching at 2 °C. Leaching of the tailings at 10

°C for 1 y, mobilized an additional 5.3% of total sulphur in the effluent (Fig. 13b).

As there was complete acid neutralization in B - Zone tailings during both the leaching

periods and the effluent was saturated with respect to gypsum, the effluent sulphate
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drainage loading was controlled by gypsum solubility. Thus, further deduction of sulphur

oxidation and acid generation rates from the sulphate drainage data was not possible.

The dissolved total iron concentration profiles were similar to those of acidity (Figs. 9 and
14). The dissolved iron concentration increased, from zero to ~ 150 mg/l, near the end of
the 2 °C leaching period and peaked at ~ 450 mg/] at the beginning of the 10 °C leaching.
Near the end of the 10 °C leaching pericd, the dissolved iron concentration had returned

to near zero (Fig. 14b).

As observed previously, the B - Zone tailings started to produce slightly acidic effluents at
2°C after a period of 1.25 years, and moderate acid generation when leached at 10 °C but
only for a short duration of approximately 8 months. The latter observations were similar
to those observed at 25 °C leaching, where charactenstic acidic effluent peaks were

observed for a short period of time. (Dave, 1992). ;z
Calcium and Magnesium

The B - Zone calcium and magnesium profiles are shown in Figs. 15 and 16, respectively.
The effluent calcium concentrations initially decreased from ~ 500 mg/l to ~ 400 mg/l
during the flushing period of approximately 15 days, thereafter increased to ~ 650 mg/l
saturation level of dissolved gypsum. It decreased slowly to ~550 mg/l during the
remainder of the 2 °C leaching period and remained constant during leaching at 10°C
(Fig. 15b). The results indicated dissolution of the residual gypsum from the tailings, as

well as, on going acid generation and limestone neutralization.

The dissolved magnesium and SO4> concentrations profiles were also similar (Figs. 11
and 16). The effluent magnesium concentration decreased intially, from a high of ~3,200
mg/1 to a low in the range of ~50 - 80 mg/l, during first two months of leaching at 2 °C
and remained constant in the low range for another 1.5 years. Near the end of 2 °C

leaching and with the beginning of the 10 °C leaching period, Mg concentration increased
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gradually to a 200 mg/l peak and decreased slowly to a very low concentration of ~ 8 - 10
mg/l with further leaching at 10 °C (Figs. 16a and b).

Aluminium and Manganese

Figs. 17 and 18 show, respectively, the B - Zone aluminium and manganese leaching
profiles. The drainage effluent contained dissolved zluminium on the order of 0.1 - 0.15
mg/1 throughout both the leaching periods with no definite trends. The effluent manganese
concentration slowly increased from an initial level of ~ 5 - 10 mg/l to ~ 20 mg/1 during
2 °C leaching. During the 10 °C leaching period, the manganese profile was similar to that

of total iron concentration, peaking at 20 - 25 mg/l and decreasing gradually to a range of

1 -2 mg/l (Fig. 18b).

Both iron and manganese profiles indicated delayed dgcurrence of acidic drainage at 2 °C,
which increased in magniiude as the temperature was raised from 2 °C to 10 °C. The

effluent, at the observed pH and Eh values, contained mostly Fe’* and Mn®" species.

Other Metals:
Sb, As, Cu, Pb, Hg, Ni, Si (dissolved) and Zn

Figs. 19 - 26, show the B - Zone drainage profiles for Sb, As, Cu, Pb, Hg, Ni, Si
(dissolved), and Zn, respectively. The results indicated limited drainage of As in the range
of 0.1 - 0.2 mg/l, Ni~ 0.1 - 0.15 mg/l, Pb ~ 0.05 - 0.1 mg/1 and dissolved Si ~ 2 - 4 mg/l.
Except for Pb, the increased concentrations of these elements were observed during
oxidation and leaching at 10 °C. Cu and Zn concentrations were very low to near
background concentrations. Dissolved Sb concentrations were also low, ~ 0.02 - 0.05
mg/1, during most of the leaching period and occasionally in the range of ~ 0.1 - 0.25

mg/l. Dissolved Hg concentration was below detection.



Total Dissolved Cyanide

The dissolved CN"" drainage profile for leaching of B - Zone tailings at 2 °C is shown in
Fig. 27. Most of the cyanide contained in the tailing porewater, present as a residual
milling reagent, was removed within the first 1.5 months of leaching at 2 °C, from an
initial 800 pg/l level to ~ 10 pg/l, and the remainder was mobilized in low concentrations,
~ 2 -10 pg/l, during additional 5 months of leaching. Thereafter, no cyanide was observed

in the drainage effluents at both 2 °C and 10 °C leaching.
3.2.2 Shear (S) - Zone Tailings:
pH, Eh, and Ec

The temperature profiles for Shear (S) - Zone leachﬁﬁ,-regime are shown in Fig. 29, and

the drainage effluent pH, Eh, and Ec profiles are shown in Figs. 30 to 32, respectively.

The effluent pH increased initially from 6.2 to 6.8 over a 3 month period and then
decreased rapidly to < 4.0 in another 3 months. It declined slowly to 3.0 duning the rest of
the leaching period at 2 °C (Fig. 30a). No further pH changes were observed during the 10
°C leaching period (Fig. 30b).

The redox potential, Eh(NHE), increased gradually with time, from imitial 400 mV to
~ 750 mV, during leaching at 2 °C (Fig. 31a). No further changes in Eh were observed
during leaching at 10 °C (Fig. 31b).

The electrical conductance, Ec, decreased very rapidly, from the initial 8,000 ps/cm value
to 2,000 ps/cm, during the first 1.5 months and declined further to ~ 500 ps/cm in
additional six months of leaching. It increased gradually to 1,200 ps/cm during the rest of

the 2 °C leaching period (Fig. 32a). At the beginning of the 10°C leaching perniod,
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Ec peaked at around 3,000 us/cm and then decreased gradually to 1,000 us/cm near the
end of the leaching (Fig. 32b).

These results are similar to those at 25 °C leaching reported by Davé (1992), indicating
oxidation and acidic drainage at all three leaching temperatures. The S - Zone tailings
contained less total available alkalinity (~2.0 kg CaCOs/tonne) which resulted in early
occurrence of acid drainage at low temperatures compared to B - Zone tailings. This
observation 1s further supplemented by acidity, sulphate, total iron, and other metals

results as discussed below.
Total Acidity and Alkalinity

The total acidity and alkalinity profiles for the S - Zone tailings are shown, respectively, in
Figs. 33 and 34. After removal of the initial and stor%éa'.'acidity during the first month, the
tailings started to produce mildly acidic effluents within 5 months of leaching at 2 °C. The
acidity production was rapid and lasted for the balance of the 2°C leaching period, having

acidities in the range of 500 - 600 mg CaCO3/l. During 10°C leaching, acidity production
peaked at ~ 700 mg CaCOs/1 and then decreased rapidly to low acidities on the order of
~ 100 mg CaCO03/1 (Fig. 33b). The alkalinity production decreased correspondingly from

an initial range of 40 - 45 CaCOs/l to zero duning first 10 months of leaching at 2 °C

(Fig. 34a).

In comparison to leaching at 25 °C in the earlier study, the acidity production at 2 °C was
slightly lower and its occurrence delayed by approximately 2 months. However, similar to
the previous study (Davé, 1992), strong acidic drainage only occurred for a limited period

indicating a surface activity phenomenon.
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Sulphate and Iron

The effluent sulphate and dissolved total iron profiles for Shear (S) - Zone tailings are
shown in Figs. 35 and 38, respectively. The loading rate, as (ug 504> /kg tailings/day),

and percent cumulative total loading of sulphate are given in Figs. 36 and 37, respectively.

As with the B - Zone tailings, the sulphate and Ec profiles were also similar for the
S - Zone tailings. The dissolved sulphate concentration in the effluent decreased from
approximately 5,000 mg/l to ~ 1,500 mg/l during the first 1.5 months of leaching and then
slowly to the range between 100 - 200 mg/1 prior to the onset of acid drainage at 2 °C.
During the acidic drainage period at 2 °C, the sulphate concentration increased to 500
mg/l (Fig. 35a). During 10 °C leaching, it first peaked at ~ 2,500 mg/l and then decreased
slowly to levels of 100 - 150 mg/l (Fig. 35b).

e
For S - Zone, the effluent sulphate loading rate at 2 °C decreased from an initial high of
~ 70,000 ug S04> /kg taiings/day at the start of the experiment to a very low rate of
~ 2000 ug SO.,Z' /kg tailings/day. With further leaching at 2 °C, it increased slowly to
5000 pug 5042‘ /kg tailings/day (Fig. 36a). Leaching at 10 °C, imitially caused an increase
in the sulphate loading to a peak rate of ~ 12,000 ug SO4™ /kg tailings/day, and then a

slow decrease to a very low rate of ~ 1200 ug S04% /kg tailings/day (Fig. 36b).

In the absence of sufficient neutralizing buffer, the S - Zone tailings produced acidic
effluents which were unsaturated with respect to gypsum. The effluent sulphate loading

rate, thus, corresponded directly to total sulphur oxidation and acid generation rates.

The cumulative total sulphate loading of the effluents from S - Zone tailings were
relatively high at both the leaching temperatures, where approximately 42% and 13% of
the total sulphur contained in the tailings were mobilized and removed, respectively, at

2 °C and 10 °C (Figs. 37a and b). The experimental tailings contained approximately 25%
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of the total sulphur in the water soluble form which was quickly removed at the beginning,
within first two months of leaching at 2 °C. Further leaching at 2 °C resulted in an
additional mobilization and removal of sulphate in the amount equivalent to 17% of the
total sulphur contained in the tailings. The three year combined leaching at the two
temperatures (2 °C and 10 °C) removed approximately 30% of the total sulphur contained

in the S - Zone tailings by further oxidizing them.

The dissolved total iron concentration profile was similar to that of acidity (Figs. 33 and
38). The acidic drainage in S - Zone tailings was accompanied by iron drainage which
began at about 6 months during the 2 °C leaching period. Dissolved iron concentrations
increased slowly, from zero to ~ 200 mg/l, during leaching at 2 °C and peaked at ~ 250
mg/l with the initiation of the 10 °C leaching. It rapidly decreased to the range of ~ 10 - 20
mg/l with additional leaching at 10 °C (Fig. 38 b).

e
Similar to observations made for acidity, and in comparison to room temperature leaching
(Davé, 1992), iron mobilization and drainage at 2 °C leaching condition was slow and
delayed. Also, because the leaching at this temperature was abruptly halted, the total
duration of acidic drainage and its continuity at this temperature also ended prematurely. It
was, however, clearly evident from the Shear - Zone acidity and dissolved iron profiles
that there was no significant reduction in acidic drainage, except delayed occurrence, from
these tailings at 2 °C in comparison to room temperature leaching results. The data also

defined the acid drainage period when other metals were mobilized.
Calcium and Magnesium

The calcium and magnesium profiles for Shear (S) - Zone tailings are shown in Figs. 39
and 40, respectively. The effluent calcium concentrations increased initially from 400 mg/l
to ~ 550 mg/l during the first 3 months of leaching, then decreased rapidly to ~ 50 mg/l
with the onset of acid drainage. Because of low available alkalinity, no significant acid

neutralization was realized and acidic drainage occurred early in the S - Zone. During the
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10°C leaching period, additional drainage of Ca occurred initially at 500 - 550 mg/l and

decreased rapidly to low concentrations of 30 -50 mg/l (Fig. 39b).

The dissolved magnesium, Ec, and SO42' concentration profiles were also similar, where
the effluent magnesium concentration decreased from 700 mg/l to 10 mg/l during the first
few months of leaching and remained constant at the low range for the rest of the leaching
at 2 °C. For the 10 °C leaching period, a concentration peak at 100 mg/l, similar to Ec and

SO42, was also observed (Figs 32b, 35b and 40b).

Aluminium and Manganese

Figs. 41 and 42 show, respectively, the aluminium and manganese leaching profiles.
Similar to iron, significant aluminium drainage occurred at 20 - 30 mg/l level with the
production of acidity while leaching at 2 °C. T}%“drainage decreased rapidly with

decreasing acid production during the 10 °C leaching period (Fig. 41b).

The effluent manganese concentration decreased slowly from an initial 170 mg/l level to
~ 10 mg/1 during the first three months of leaching at 2 °C, then increased to ~ 30 mg/l
with the occurrence of acidic drainage and declined to 5 - 10 mg/l range wath further
leaching at 2 °C. During 10 °C leaching, manganese levels peaked at ~ 40 mg/l and
decreased gradually to < 5 mg/l (Fig. 42b). These observations, similar to Fe,

corresponded to oxidation and acidic drainage at 2 °C and 10 °C.

Other Metals:

Sb, As, Cu, Pb, Hg, Ni, Si (dissolved) and Zn

Figs. 43 - 50 show, respectively, the S - Zone leaching profiles for Sb, As, Cu, Pb, Hg, Ni,

Si and Zn. With the onset of acidic drainage, significant leaching was observed for As

~0.1-03mgl Cu~0.05-12mgl Ni~05-1.5mgl Zn~0.1 - 1.0 mg/l, Pb~0.1 -
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2.0 mg/l, and dissolved Si ~ 10 - 50 mg/l at both 2 °C and 10 °C. Similar to B - Zone
tailings, effluent concentrations of Sb and Hg were very low, ~ 0.03 mg/l and below

detection, respectively.
Total Dissolved Cyanide

The S - Zone cyanide leaching profile for 2 °C is shown in Fig. 51. The dissolved cyanide
concentration of the effluent was very low, ranging between 2 - 10 ug/l, and its drainage
lasted only for a limited duration at 2 °C. The acid generation in S - Zone caused complete
destruction and removal of cyanide during early stages of leaching at 2 °C. No cyanide

drainage was observed at 10 °C

4.0 DISCUSSION-

It is clearly evident from these results that oxidation and acid generation occurred for both
B- and S - Zone tailings at 2 °C and 10 °C. The rate of acid generation was less and the
occurrence of acidic drainage was delayed at both 2 °C and 10 °C in comparison to those

observed at 25 °C in the earlier study by Dave (1992).

For B - Zone tailings, containing relatively high sulphide (2.31% as S) and total available
alkalinity (45.36 kg CaCOs/tonne), the acid generation rate was low enough at 2 °C that a
reasonable degree of acid neutralization was achieved and acidic drainage prevented
during most of the leaching period except near the end when some acidic drainage
occurred. This process continued as the transition was made from 2 °C to 10 °C, where
the magnitude of the acid drainage increased, but still the neutralization continued which
moderated the efluent pH and acidity. The overall impact of acid drainage was thus low

for B - Zone tailings at both leaching temperatures of 2 °C and 10 °C.
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For S - Zone tailings, containing low sulphide (0.4% as S) and total available alkalinity
(2.0 kg CaCOs/tonne), the acid generation rate was also low at cold temperatures, but

because of low available alkalinity there was insufficient acid neutralization and acidic

drainage occurred early during the 2 °C leaching period.

Acid drainage continued with additional leaching at 2 °C and its magnitude increased
during leaching at 10 °C, but because of the high moisture retention characteristics of
these tailings as well, the overall impact of acid drainage was again limited in magnitude
and duration. However, for S - Zone tailings, the low temperature acidic drainage was

accompanied by release of iron, sulphate, and metals in moderate concentrations.

In comparison to the previous room temperature (25 °C) leaching results (Davé, 1992),
there was a significant reduction in acid drainage and metal loading from B - Zone tailings
at low temperatures. The contributing factors were lc;x‘i}"acid generation and high available
alkalimty. However, for S - Zone tailings, similar impact at low temperatures was not

realized as these tailings contained low available alkalinity.

Although the 2 °C leaching peribd was terminated prematurely, because of the equipment
malfunction and freezing of test samples, sufficient information had been obtained to
predict continuation of acidic drainage, perhaps of a weaker strength but for longer
duration, from S - Zone tailings at low temperatures. The data should be further.analyzed

to obtain acid generation and metal loading rates at the three study temperatures.

In addition to reduced acid generation and delayed acidic drainage at low temperatures,
the water retention characteristics of the both B- and S - Zones offered the greatest
control on overall acidic drainage from these tailingé. As noted in the previous study by
Davé (1992), both B - and S - Zone tailings retained appreciable amounts of moisture
(~ 85 - 100% pore volume saturation) during laboratory leaching, which decreased

oxidation and acid generation rates and further reduced the impact of acidic drainage.
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It has been clearly demonstrated in the previous and current study that for Cullaton Lake
B - and S - Zones tailings, the zone of oxidation and acidification is limited to the
uppermost active layer, approximately 10 - 15 cm in thickness. In the field, this thickness
may vary depending on site topography, hydrology, and climate. Because of extreme and
prolonged low temperatures and relatively dry conditions prevailing in the Nunavut-
Keewatin districts, winter drying and desiccation may lead to exposure and oxidation of

tailings at greater depths.

Since 1993, the exposed tailings surface has been covered with a 1.5 m layer of wasterock
and overburden (Trow Consulting Engineers, 1995). Temperature profiles within the
tailings area indicated a cooling trend and upward migration of the permafrost level in the
tailings, although this level is increasing slowly as seen from Table 7 and Figs. 53 - 56.
The slow upward rise in the permafrost level was attributed to the placement of cover
during summer months, probably caused by poor hea'i%,c.iissipation through the wasterock
insulating cover and longer cooling period than if the wasterock was placed, for example,

during winter months (Homestake Canada Inc., 1994).

Additional field studies are required for site characterization with respect to active zone of
freezing, thawing and oxidation; moisture characteristics; and chemical, mineralogical, and
microbial compositions of the tailings in assessing their current weathering and oxidation

status.

Cullaton Lake data were compared with those of 59 other mines and 385 others kinetic
tests from the International Kinetic Database (Morin et al.,, 1995). The rate of sulphide
oxidation in mg/ SOgq/kg/wk at 25 °C (Phase 1 study; Davé, 1992) was shown to be
moderate to high. However, leaching rates of copper and zinc from tailings at the site
were shown to be low to very low. This indicated that some form of ARD mitigation was
occurring within the tailings mass at the site where cold temperatures and freezing

conditions are present at least 8 - 10 months a year.



During operations, sodium cyanide consumption for both B - Zone and Shear (S) - Zone
ore was at the rate of 2 kg/tonne ore. Cyanide concentrations of tailings porewater at the
site ranged between 200 - 300 mg/l (Napier, 1996). Although cyanide concentration
decreased with decreasing pH, where it is lost through formation of HCN, the toxicity of
tailings seepage water is influenced by the formation of metal complexes in cyanide

solutions (Higgs, 1992).

5.0 SUMMARY AND CONCLUSIONS

Cold temperature leaching studies at 2 °C and 10 °C were conducted for Cullaton B - and
Shear (S) - Zones tailings to evaluate their oxidation and leaching characteristics at low

temperatures.

T;x,lu
The results showed that oxidation and acidic drainage occurred in both tailings at these
temperatures. The rate of acid generation was less and acidic drainage occurred later at

2 °C than at 10 °C.

The overall impact of acid drainage at cold temperatures was lower for B - Zone tailings

than for S - Zone as the former contained higher total available alkalinity.

Both B - and S - Zones tailings also retained appreciable amounts of moisture which
limited oxidation and acidification to the well drained upper layer and provided further

control on acidic drainage.



6.0 RECOMMENDATIONS

It is recommended that all the available data for the three leaching temperatures, 25 °C
(from phase 1), and 10 °C and 2 °C from the present study, should be examined further
and analyzed to obtain acid generation and metal loading rates at these temperatures. The
tailings management facility at the Cullaton Lake site should also be assessed for its
current physical, chemical, mineralogical and biological status by undertaking suitable field

studies.
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Fig. 4 Experimental arrangement of leaching columns.
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Cullaton Lake Temperature Profile
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Fig. 53 Temperature profiles in wasterock and tailings at the Cullaton Lake site,
Station 1.




Cullaton Lake Temperatre Profile
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Fig. 54  Temperature profiles in wasterock and tailings at the Cullaton Lake site,
Station 2.
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Cullaton Laks Temperature Profile
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Fig. 55  Temperature profiles in wasterock and tailings at the Cullaton Lake site,

Station 3.




Cullaton Laks Temperature Profile
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Fig. 56  Temperature profiles in wasterock and tailings at the Cullaton Lake site,
Station 4.




Sulphide Oxidation Rate (mg SO4/kg/wk)
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Fig. 57  International Kinetic Database: - rate of sulphide oxidation.
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Copper Leaching Rate (mg Cu/kg/wk)
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Fig. 58  International Kinetic Database: - rate of copper leaching.
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Table 1. Physical characteristics of B and Shear (S) - Zones tailings.
Parameter B -Zone Shear (S) Zone
Colour Greenish grey Brownish orange
Texture sandy silt sandy silt

Particle size

Dso

DlO

Moisture content (% wt)
Wet bulk density (tonne / m3)

Grain density (tonne / m3)

Porosity (%)

Wet mass of tailings in Column (kg)
Total bulk volume dry tailings (1)
Total pore volume dry tailings (1)

% pore volume moisture saturation

70% less than 100 um
65 um

35 um

4.89
1.95

46

50% less than 100 um
100 um
45 pm
9.5

1.58

9.7
5.56
2.05

45




Table 2.  Chemical characteristics of B and Shear (S) - Zones tailings. All concentration
values are given in percentiles, except where noted.

Parameter / Element B -Zone Shear (S) Zone
Al (%) 1.62 £ 0.008 0.47 £ 0.003
Ba (ug/g) 83.6+£0.6 101.5+0.8
Ca (%) 2.37+£0.032 0.09 £0.002
Cd (ng/g) <10 <10

Co (ng/g) <10 16.1+0.52
Cr (ug/g) 36.4+0.2 24.4x0.2
Cu (ng/g) 454%0.3 155+£0.3
Fe (%) 20.07 £ 0.085 2.96 +0.01
K (%) 0.305 i"gm 0.15+0.025
Mg (%) 0.88 £ 0.006 0.057 £0.003
Mn (%) 0.09 % 0.0003 0.01 % 0.0001
Na (%) 0.14£0.001 0.06 +0.002
Ni (ng/g) 60.6 = 10.8 48.6+ 1.1
Total phosphorus (% P) 0.06 £0.014 0.009 £ 0.006
Pb (11g/g) 65.8 1.9 48.4%0.9
Total sulphur ( % S) 2.63+0.32 0.49+0.1
Soluble sulphur ('as % S) 0.32+0.01 0.09£0.01
Total sulphide sulphur ( as % S) 231+£033 0.4+0.11
Ti (%) 0.069 £ 0.0008 0.012 £0.0002
V (ug/g) 58.6+2.0 154+£0.4
Zn (ug/g) 45.7+0.4 12.1+0.1
Zr (ug/g) 53.1£3.0 444+12
Total acid generation potential, kg 72.2 12,5
CaCOs/tonne

Total alkalinity, kg CaCOs/tonne 45.36 12.5

Net neutralization potential, kg -26.84 -10.5
CaCOs/tonne
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