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WET BARRIERS ON PYRITIC URANIUM TAILINGS
PART | AND II

LABORATORY LYSIMETER STUDIES OF OXIDATION, LEACHING AND
LIMESTONE NEUTRALIZATION CHARACTERISTICS OF URANIUM
TAILINGS AND WASTE ROCK

Nand K. Davé’

EXECUTIVE SUMMARY

This report describes the results of laboratory column leaching studies that were conducted as a
part of a broad research program titled “Development of Wet Barriers on Pyritic Uranium
Tailings for Contralling Acid Generation”. The research was undertaken jointly by CANMET,
Elliot Lake Laboratory and Rio Algom Limited, under the Canadian Mine Environmental
Neutral Drainage (MEND) Program.

Purpose:

Column leaching dudies were conducted for evauating the oxidation and leaching
characterigtics of pyritic uranium tailings with and without limestone amendments and crushed
waste rock, under unsaturated and submerged conditions. These experiments were designed to
determine the acid generation characteristics and subsequent meta and radionuclide rel eases of

test samples subjected to submersion underwater and exposed conditions.
Methods:

The leaching experiments were conducted usng PVC cylindrica column lysmeters filled with
totd mill tailings, coarse tailings, tailings amended with 7.5% (w/w) limestone of varying screen

"Senior  Environmentd Research Scientist, Elliot Lake Laboratory, CANMET, Natura
Resources, Canada.
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szes, and crushed waste rock samples obtained from Quirke Mine. The experiments provided
unsaturated conditions for leaching of test samples as well as a submerged condition for coarse
tallings where a shalow water cover, 0.45 m in depth, was established using didtilled weter. The
submerged coarse tailings were aso rinsed rapidly during the initid leaching period to remove
gypsum and other soluble minerds for studying oxidation and leaching characteristics of such
tallingsin the aosence of gypsum controlled sulphate solubility.

All tests were conducted at laboratory room temperature (22 °C) and light conditions, which
aded in enhancing the chemical reectivity of tes materidsin laboratory smulations compared to
field conditions.

Duration of the Study:

The experiments, conducted at the CANMET, Elliot Lake Laboratory, were started in April
1989 and concluded in June 1993.

Results:

Coarse Tailings:

Unsaturated Condition:

The unsaturated coarse talings without limestone amendment oxidized
readily and produced highly acidic drainage (pH ~ 1.0 - 2.0 and acidity
~ 12,000 - 30,000 mg CaCOs/l);

The coarse tailings amended with coarse limestone (screen size -6.3 mm)
also produced highly acidic drainage (pH ~ 2.5 - 3.0 and acidity ~ 4,000 -
12,000 mg CaCO4/l), but its onset was delayed by approximately one year
in comparison to coarse talings without limestone. The acid drainage

occurred with 90% of the avallable dkdinity dill remaining in the sample;
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The coarse tailings amended with pulverized wet ground limestone did not
produce any acidic drainage during the entire four year study period.
Oxidation and acid generation processes were active in these tailings as well,
but the fine grained limestone provided complete acid neutrdization and
acidic drainage was prevented during the study period.

Submerged Condition:

The submerged coarse tailings did not produce any porewater acidic
drainage for the firg three years, but in the fourth year a wesk acidic
drainage (pH ~ 5.5 - 7.0 and acidity ~ 10 -20 mg CaCO4/l) was observed ;
In comparison to unsaturated coarse talings, submerson of talings
underwater decreased cumulative porewater acidity, sulphate and iron
loadings by factors of 295, 200 and 950 respectively;

The submerson of coarse tallings adso resulted in increased mobility and
rdease of Ra226 in the porewater when talings developed acidic
conditions a the surface after they were depleted of available akdinity and
gypsum. There was a 10 fold increase in the cumulative loading of Ra-226 in
the porewater over that of unsaturated coarse tailings,

The increased drainage of Ra-226 in the porewater was also accompanied
by that of iron, both occurring near the end of the fourth year, where as
gypsum was completely removed from the tallings during the firs three
months of leaching;

The surface water above submerged tailings contained low concentrations of
dissolved metas, when the water cover above the tailings was continuoudy
maintained in a well oxygenated condition by fresh water inflow and where
both surface and pore water flows were present in equa proportions. The
dissolved Ra-226 concentration in the surface water was aso low, ranging

between 30 and 140 mBg/I.
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Total Mill Tailings:
Unsaturated Condition:

The totd mill talings, in dl test conditions, drained poorly and retained
gppreciable amounts of moisture which controlled their oxidation and acid
generdion rates,

The unsaturaed totd mill talings without limestone amendment aso
produced acid drainage, but it was moderate and less acidic (pH ~2.0- 3.0
and acidity ~ 500 - 1500 mg CaCO4/l) than for coarse tailings under smilar
conditions;

The totd mill tallings amended with various screen-gzed limestone did not
produce acid drainages during the entire sudy period. The talings were
oxidizing dowly but the added limestone was actively consumed in providing
complete acid neutrdization in al amended samples.

Waste Rock:
Unsaturated Conditions:

The unsaturated crushed waste rock having a high acid generation potentia
(NNP = -17.8 kg CaCOg/tonne) aso oxidized and started to produce
highly acidic drainage ( pH ~ 2.0 - 2.5 and acidity ~ 7,000 - 20,000 mg
CaCO3/l) in the fourth year of the study period;

The unsaturated crushed waste rock having medium (NNP = -10.7 kg
CaCOgy/tonne) and low (NNP = +13.8 kg CaCOg3/tonne) acid generation
potentials did not produce acidic drainage during the entire study period.
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DETAILED SUMMARY OF FINDINGS

In 1989, under the Mine Environmental Neutra Drainage (MEND) program, a joint research
project titled “Development of Wet Barriers on Pyritic Uranium Tailings for Contralling Acid
Generation” was established between CANMET, Elliot Lake Laboratory and Rio Algom
Limited, Elliot Lake, Ontario, Canada. This research program encompassed a variety of
laboratory and fied studies designed to evauate the performance of a shalow water cover or
other wet barriers on pyritic uranium tailings as a close-out option for controlling acid generation

and release of metals and radionuclides.

As a pat of this program, extensive laboratory column leaching studies were conducted to
evaluate oxidaion and leaching characteristics of talings and waste rock samples under
unsaturated conditions, tailings amended with 7.5 % (w/w) limestone of varying screen Sizes,

and submerged coarse tailings.

For these tests, two types of tailings and three types of waste rock were chosen. The two
types of tailings were: totd mill tailings (unclassified), gpproximately 50 % less than 74 nm; and
coarse tailings, approximately 84 % greater than 74 mm. The three types of waste rock were
categorized as having, low (NNP = +13.8), medium (NNP =-10.7) and high (NNP=-17.8
kg CaCOs/tonne) acid generation potentids. The experiments were conducted in PVC
columns, under unsaturated and submerged conditions. T he latter tests were conducted only for
coarse taillings, where a shalow water cover, approximeately

0.45 m in depth, was provided using digtilled water.

For both unsaturated and submerged cases, the tailings or waste rock were alowed to weather
at the exposed surface or tailing / water interface and leached with naturd |ake or ditilled water
(for submerged tailings only). The unsaturated tailings and waste rock were batch leached by
adding 1 | (litre) natura lake water every two weeks where as the submerged tailings were
trickle leached with a continuous inflow of didtilled water. The leachates were dlowed to
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percolate through the test media and collected as drainage effluents from the bottom of the
columnsin al cases

The experiments, conducted at the CANMET, Elliot Lake Laboratory, were started in April
1989 and concluded in June 1993.

Table S1 provides a brief summary of various test conditions and porewater drainage (Seepage)
quality results for this laboratory study. The detailed leaching results, comprised of both the
drainage water qudity and meta/radionuclide loadings are summarized below. In interpreting
these reaults, the reader is reminded of their origin under laboratory smulated and controlled
conditions, and they should be judged accordingly as well as in that context only. The
laboratory conditions were designed to enhance chemica reactions and may not represent
actud field conditions.

The unsaturated coarse tailings without additiona limestone (Control -2), were most
amenable to oxidation and acidic drainage. These talings drained quickly, had a high
hydraulic conductivity of 4 x 10° cnvs and produced a highly acidic drainage within two
months of batch leeching.

During the acidic drainage period, the effluent from these tailings had an average pH of 1.2,
an oxidation-reduction potentid (Eh) of 700 mV and an eectricad conductance (Ec) of
40,000 nE&cm. The effluent average loading rates were: 70,000 ng CaCO; equivdent
acidity, 80,000 g SO,?, 25,000 ny Fe, 690 ny Ca and 6.2 mBq Ra-226/kg tailings/day.
For the four year study period, the cumulative productions/removals (loadings) for maor
species were, respectively, 58 % of total acid generation potential, 67 % of tota sulphur,
68.7 % of tota iron, 19 % of total calcium and 0.17 % of total Ra-226 contained in the
talings
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The acidic drainage dso caused Sgnificant mobilization and release of other metds and
radionuclides including: Al, Ce, Cu, Mg, Mn, Ni, Pb, Th, U, Zn and various isotopes of
radium, Ra-223, Ra-224 and Ra-228.

The acidic drainage in these tailings started prior to full consumption of the tota avalable
dkdinity, dthough it was present only in a smdl amount. At the time of acidic drainage,
gpproximately 60 -65 % of available akainity was dill present in the tailings.

It was estimated that under laboratory controlled conditions, a 0.45 m high column of coarse
tallings would be completdly oxidized and depleted of pyrite in gpproximately 6.5 years.
For Ra-226, it would take gpproximately 5000 years for complete remova excluding its
natura decay or ingrowth in this sample.

Prior to the acidic drainage, the Ra-226 leachability from the coarse tailings was constant
and controlled by the gypsum solubility. With the onset of the acidic drainage, it increased
with the leaching of thorium isotopes. In the absence of gypsum, Ra226 leachability
decreased with increasing acidity and sulphate ion concentration.  The mobilization and
release of thorium isotopes were accompanied by an increased release of radium isotopes
including Ra-228, Ra-226, Ra-224 and Ra-223. At the peak acidic drainage period, the
activities of other radium isotopes were considerably higher than that of Ra-226.

The unsaturated coarse tailings containing 7.5 % (w/w) of coarse limestone of screen size -
6.3 mm adso oxidized and produced a highly acidic dranage. The onset of the acidic
drainage in these tailings, however, was delayed by gpproximately one year in comparison to

coarse tallings without the additiond limestone (Control -2) which occurred in two months.

During the acidic drainage period, the effluent from the coarse talings - coarse limestone
sub-group had an average pH of 2.5, Eh of 700 mV and Ec of 6000 n&cm. The effluent
average loading rates were: 25,000 gy CaCO; equivaent acidity, 28,000 ng SO,?, 8000
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ng Fe, 3800 ng Ca and 7 mBg Ra226/kg talingdday. The cumuldive
productionsremovas (loadings) for magor species during the sudy period were,
respectively, 17 % of tota acid generation potentid, 25 % of total sulphur, 17 % of tota
iron, 12 % of tota cacium and 0.29 % totd Ra-226 contained in the talingslimestone
mixture. The acidic drainage dso caused dgnificant mobilization and release of other
condituents including Al, Ce, Cu, Mg, Mn, Ni, Pb, Th, U and the various isotopes of

radium.

The acid neutrdization efficiency achieved for coarse limestone (-6.3 mm), prior to the
occurrence of the acidic drainage, was less than 10 %. The acidic drainage in coarse tailings
- coarse limestone sub-group started with 90 % of the totd available limestone dkdinity il

remaning in the mixture.

The unsaturated coarse tailings mixed with 7.5 % (w/w) wet ground and pulverized limestone
did not produce any acidic drainage during the four year sudy period. Oxidation and acid
generdion were dso taking place in these tailings, but the findy ground limestone provided
complete acid neutrdization, thus preventing acidic drainage.

During the study period, the effluent from coarse tailings - wet ground limestone sub-group
was nearly neutrd to dightly dkdine with apH of ? 8 Eh ? 480 mV and Ec ? 2200
n&cm. The effluent was saturated with respect to gypsum and contained appreciable
amounts of dissolved sulphate, cacium, and magnesum, resulting from acid neutrdization,
and Ra226. In the absence of the acidic drainage, the release of other oxidation related
reaction products, e.g. acidity, Al, Ce, Cu, Fe, Ni, Pb, Th, U and Zn was absent or present
in trace amounts only. Mn was present in smdl quantities in the neutrd effluent. The
cumulative productions'removass (loadings) for mgor congtituents of the effluent were: 7 %
of total sulphur, 838 % of total cacium and
0.16 % of total Ra-226 contained in the tailings-limestone mixture.



Welcome Screen Report List

iX

Approximately 13 % of the totd available limestone akdinity in the coarse talings - wet
ground limestone mixture was consumed in complete acid neutrdization during the entire
sudy period. For these samples, the remaining akdinity would provide additiond acid
neutrdizetion for another 29 years assuming a 100 % limestone neutrdization efficiency, and
for a shorter period a reduced efficiency. The data did not permit determination of the
neutralization efficiency factor and prediction of acid drainage, if any.

The unsaturated total mill tailings without additiond limestone (Control -1) aso produced
acid drainage, but it was moderate and less severe than for coarse tailings(Control -2).
These tailings had a low hydraulic conductivity of 8.7 x 10° cnv/s and retained appreciable
amounts of moisture which caused dow oxidation resulting in reduced acid generation and

release of oxidation reaction products.

During the acidic drainage period, the effluent from Control - 1 tailings had an average pH of
~3.0,Eh ? 780 mV and Ec ? 2500 n&cm. The effluent contained gppreciable amounts of
gypsum, and the average loading rates were: 2100 ng CaCO; equivaent acidity, 6000 ng
S0O,? 100 ngy Fe, 1500 ny Ca and 4 mBq Ra226/kg talinggdday. The cumulaive
productions/removas (loadings) of mgor species during the entire study period were: 3 %
of tota acid generation potentia, 8 % of total sulphur, 0.33 % of totd iron, 13.6 % of totd
calcium and 0.08 % of total Ra-226 contained in the tailings.

The acid generation rate for tota mill tailings (Control - 1) was gpproximeately 30 to 35 times
less than that for coarse tailings(Control - 2). The acidic drainage from these tailings aso
caused mobilization and release of other metals and radionuclides: Al, Ce, Cu, Mg, Mn, Ni,
Pb, Th, U, Zn and other isotopes of radium, but in reduced amounts.

At the observed low acid generation rate, the present 0.35 m high column of unsaturated
totd mill tailings without additiona limestone would produce acid drainage for gpproximately
90 years.
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Disposd of talings as a homogeneous mixture without segregetion of various particle sze
fractions, would offer many advantages including: low hydraulic conductivity and incressed
surface drainage; increased water retention, high phreatic surface and shdlow unsaturated
zone amenable to oxidation; low acid generation and effluent loading rates, and low
trestment costs, and alow risk of cover failure.

The unsaturated totd mill tailings mixed with 7.5 % (w/w) limestone of various screen Szes,
from coarse (-6.3 mm) to wet ground and pulverized, did not produce any acidic drainage
during the entire sudy period. Both, the oxidation and acid generation processes were dso
active in these tailings-limestone sub-groups, but a low rate of acid generation resulted in a
complete acid neutraization for dl limestone sizes and acidic drainage was prevented. The
reactivity of the tailings decreased with the decrease in limestone particle Sze from coarse to
pulverized and wet ground. The low rate of acid generation in combination with increased
effluent retention time, contributed to the complete acid neutrdization for total mill tallings

mixed with coarse limestone aswel.

For al test columns containing tota mill tailings amended with various screen Szed limestone,
the effluents were saturated with respect to gypsum and the effluent average pH, Eh and Ec,
were, respectively, 7.5, 550 mV and 2200 n&cm. After two years, the effluents were
dkaine with dkdinity production (loading) rate of approximady 200 ng CaCOs/kg
tallings/day. During the study period, the effluent average loading rates were: 5000 ng SO,
21800 nmy Ca and 3 mBq Ra226/kg talinggday. The corresponding cumulative
productions/removals (loadings) were: 8.6 % of tota sulphur, 5.7 % of total cacium, 22 %
of the initid gypsum and 0.06 % of totad Ra-226 contained in the tailings. The release of
other oxidation reaction products, acidity, Al, Ce, Cu, Fe, Ni, Pb, Th. U and Zn were
absent or present only in trace amounts. Mn was present in smdl quantities in the neutrd to
akdine effluents.

It was estimated thet the added limestone dkdinity to total mill tallings would effectively
prevent acid drainage from test samples for approximately 100 years assuming a 100%
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limestone neutrdization efficiency, and for areduced period of time if the efficiency was less.
The data indicated that a 100% limestone neutrdization efficiency, these tallings-limestone
samples should not produce any acidic drainages, but the determinations of their actud

neutralization efficiencies and predictions of acid drainages were not possible.

Digposd of low sulphur tailings amended with findy ground pulverized limestone, added in
doichiometric proportion to their maximum acid generation potentid, in the form of a
thickened paste may provide an dternate ingtu method of controlling acid generation above
the water table.

For pyritic uranium tailings mixed with pulverized limestone, there was the added advantage
of immobilization and containment of the associated radioactivity in a gypsum controlled
system, further reducing the risk of environmenta migration of radionuclides.

For the submerged coarse tailings, there was no acidic drainage for the first three years of
the dudy. With the initid high porewater flow, the talings were depleted of gypsum and
other soluble mineras during the first three months of leaching. After gypsum removd, the
drainage effluents were nearly neutra with apH ~ 7.0, Eh ~ 425 mV and Ec ~ 80 nScm.
During that period, no oxidation reaction products, most notably Fe, Al, Mn and Th, were
produced or released, and the tailings produced dightly akdine effluents with akainity in the
range of 10 - 40 mg CaCOsl/l.

The submerged tailings started to produce dightly acidic porewater drainages in the fourth
year of the study, with effluents having pH's of ~ 5.5, totd acidities of ? 10 - 20 mg/l,
dissolved total Fe concentrationsof ? 1 - 20 mg/l and Ra-226 concentrations of ? 5000 -
25,000 mBg/l. The results indicated onset of a dow oxidation process a the surface of the
tallings contributing to 10 to 30 fold increases in Ra-226 mobilization and release to the

porewater associated with iron oxidation and its increased drainage.
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After the remova of gypsum and other soluble minerds, the effluent average loading rates for
submerged coarse tailings were: 180 mg CaCOs equivaent acidity, 300 ng SO, 2, 20 ny Fe,
200 ng Ca and 150 mBq Ra226/kg talings/day. The corresponding cumulative
productionsremovals (loadings) were: 0.2 % of total acid generation potentia, 0.03 % of
total sulphur, 0.07 % of totd iron, 6 % of total calcium and 5.5 % of total Ra-226 contained
inthetailings.

In comparison to unsaturated coarse tailings (Control - 2) and tota mill tailings  (Control -
1), the shdlow water cover on coarse tailings reduced total acidity production by factors of
295 and 10, totd sulphate production by 200 and 20, and total iron production by 950 and

3, respectively.

For tota mill tailings mixed with 7.5 % limestone of various screen Szes, the corresponding
decrease in tota acidity production was by factors of 1900, 50 and 7 when compared with
unsaturated coarse tailings, unsaturated total mill tailings and submerged coarse tailings,
repectively. For the duration of the present study, the limestone amendment to total mill
tallings was more effective in preventing acid drainage than water cover on coarse tallings.
However, limestone was consumed in the acid neutralization process and its addition would

provide benefits for afinite period.

For submerged tailings, the Ra-226 mohility was initidly controlled by gypsum dissolution,
which decreased with the depletion of gypsum. In the absence of gypsum, and without
oxidation, there was no corresponding increase in Ra-226 drainage dthough the effluent
sulphate concentrations were very low. With the onset of a dow oxidation, the mobility of
Ra226 increased significantly, up to 30 times the pre-oxidation vaue, and corrdated with
the corresponding dow increase in iron and perhaps, Th-230 release. The effluent sulphate
loading aso increased a the same time, but it was datisticaly not sgnificant.
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The cumulative Ra226 remova from submerged tailings during the study period was
gpproximately 30 to 50 times greater than those for unsaturated coarse and tota mill tailings
without or with limestone amendments. This increased Ra-226 drainage was 3 to 6 times
more than the corresponding increase in cumulative effluent volume for the submerged tailings
over those of the unsaturated tailings. Perhaps, in the absence of gypsum and/or the lack of a
moderate to severe acidification in the submerged tailings, the sulphate concentration was too

low to suppress or adversdly effect radium solubility.

In the water column above the tailings surface, when both surface and pore water flows were
present, and in the absence of gypsum, there was very little upward diffusion of dissolved
metal's and oxidation reaction products except Ra-226, whose concentration varied between
30 - 140 mBg/l in the surface water. In comparison to porewater effluents, which became
dightly acidic, Ra226 concentrations in the surface water were low and below the
regulatory discharge guidelines of 1000 mBg/l.

Because of high porewater flows in the present study, the surface water quaity above the
submerged tallings resembled that of the inflowing didtilled water. The surface water was
characterized by a pH in the range of ~5 - 5.7, Eh ~ 500 - 600 mV, Ec ~10 - 15 nScm,
both acidity and dkainity in the range of ~ 3 - 6 mg CaCOsl, SO4'2
~3-8mg/l, Fe~0.01- 0.05mg/l, Ca~0.1- 1.0 mg/l and Mn ~0.08 - 0.1 mg/l.

The leaching experiments for submerged tailings were conducted with distilled water which
lacked in akdinity and organic matter contents of natural waters. The observed increase in
radium mobility with the oxidation of tailings underwater, after gypsum had been depleted,
however suggested that additional oxidation control measures might be required in preventing
tallings from going acidic.

In shdlow waters, and, in the absence of oxygen consuming covers or bariers such as

organic-rich sediments, the tailings surface at the taillingswater interface was subjected to
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well oxygenated water and was amenable to oxidation. In the presence of gypsum, the
radium mobility and release was limited and controlled by gypsum solubility with or without
oxidation of pyrite. However, after dl the gypsum was dissolved and removed, further
oxidation of tailings contributed to additiond release of radium isotopes via both surface and
ground water regimes. This scenario may occur many years after decommissoning and
monitoring phases, and should be given due consderation in environmenta impact

assessment and modeling, as well as additiona oxidation controlling measures.

The unsaturated crushed waste rock with high acid generation potentiad (NNP = -17.8 kg
CaCOsftonne) dso oxidized and produced a highly acid drainage in the fourth year of the
sudy period. The leaching characterigtics resembled those of coarse tailings with 7.5 %

coarse limestone where delayed acid drainage occurred.

In the acidic effluent, the average pH, Eh and Ec were, respectively, 2.2, 780 mV and 7000
n&cm. The effluent average loading rates were: 38,000 ng CaCO; equivdent acidity,
42,000 ng SO, 12,500 g Fe, 2000 ng Caand 3.0 mBq Ra-226/kg ~ waste rock/day.
The cumulative productions'removals (loadings) during the four year study period for mgor
species were: 53 % of totd acidity, 60 % of total sulphur, 31 % of tota iron, 59 % of totd
cacium and 0.08 % of total Ra-226 contained in the waste rock, respectively.

The reactivity of the high acid generating crushed waste rock was higher than that for coarse
tallings, and most of its leaching occurred during the last year of the study period. The acidic
drainage aso caused sgnificant mohilization and release of other condituents including Al
Ce, Cu, Mg, Mn Ni, Pb, Th, U, Zn and various isotopes of radium.

The acid drainage in the high acid generating waste rock aso occurred with 75 % of the
avalable limestone adkalinity gill remaining, resulting in an average neutrdization efficiency of
gpproximately 25% for this type of crushed waste rock. As the acid drainage related
concentration peaks of various species occurred during the last year of the study period, the
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data did not fully permit extrgpolation and computations of reaction rate constants for acid
production and metal mobilities, etc.

The unsaturated crushed waste rock with medium acid generation potential (NNP = -
10.7 kg CaCOsftonne) did not produce any acidic drainage during the study period. The
results indicated that oxidation, acid generation and neutralization processes were active
within the waste rock, but the acid was completely neutraized preventing acidic drainage and
release of oxidation reaction products.

During the study period, the effluent from medium acid generating waste rock was nearly
neutrd to dightly akdine with apH of ? 7.5, Eh ? 400 mV and Ec ? 1000 n&cm. It
contained mostly dissolved gypsum, resulting from acid neutraization, and Ra226. The
effluent cumulative productions'removas (loadings) for mgor species were, respectively:
11.9 % of total sulphur, 30 % of tota calcium and 0.04 % of totd Ra-226 contained in the
wadte rock. Some limestone dissolution contributed to dkdinity and additiona cacium in
the effluents.

The acid neutraization rate for the medium acid generating waste rock was comparable to
that of high acid generating waste rock, and by the end of the study period gpproximately 20
% of the totd limestone dkalinity had aso been consumed in preventing acidic drainage.
From acid generation/neutrdization rates, it was calculated that acidic drainage would occur
from this waste rock after approximately 12 years of leaching, & 100 % limestone
neutralization efficiency, and sooner if the efficiency was reduced.

The unsaturated crushed waste rock with low acid generation potential (NNP = +13.8 kg
CaCOsftonne), aso did not produce any acidic drainage during the study period. Similar to
the medium acid generating waste rock, oxidation, acid generation and neutrdization
processes were al actively taking place in this waste rock aso, but the neutraization was
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complete and acidic drainage and concomitant mobilization of oxidation reaction products

were absent.

The effluents from low acid generating waste rock were dightly akaine during the entire
study period with apH of ~ 8.0, Eh ~ 450 mV and Ec ~ 1000 n&/cm. The drainages were
mostly gypsum derived and contained appreciable amounts of cacium, and sulphate,
resulting from complete acid neutrdization, and Ra226. The effluent cumulaive
productions/removas (loadings) for magor species were, respectively: 19 % of tota sulphur,
11.6 % of total calcium and 0.06 % of total Ra-226 contained in the waste rock.

During the study period, approximately 2.5 g CaCOs/kg waste rock or 9 % of tota
limestone akainity was consumed in the complete acid neutraization processin the low acid
generating waste rock. Stoichiometricaly, a 100 % limestone neutrdization efficiency and at
the experimentally determined acid generation/neutraization rates, this waste rock should not
produce any acidic drainage. However, a a decreased limestone neutralization efficiency,
acidic drainage may occur in the next twenty years or so, when dl the sulphur contained in
the waste rock is expected to oxidize.

The cdculated acid generation and limestone neutraization rates, prior to acidic drainage, for
the three waste rock types were comparable, but only the high acid generating waste rock
produced acidic drainage The low total neutrdization potentia of 8.5 kg CaCOs/tonne for
the high acid generating waste rock and perhaps, the sze and distribution of dkai minerds
with respect to sulphides were contributing factors in this waste rock. For the other two,
low and medium acid generating waste rock, the total neutraization potentias were,
respectively, 26.82 and 15.06 kg CaCOs/tonne.

In concluson, the ussfulness of column leaching tests has been wel demondrated in
understanding the oxidation and leaching kinetics of reactive tailings and waste rock, and for

evauding various decommissoning options.
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A shdlow waer cover on pyritic uranium talings is very effective in contralling/limiting their
oxidation and acid generation to very low rates, but lacked in complete prevention. The tests
have dso shown that radium mobility increases, in the absence of gypsum, when acidic
conditions develop at the surface of underwater deposited tailings. Limestone amendments to
taillings, in some cases, provided short-term controls on acidic drainage.
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Table SI: Summary of test conditions and porewater effluent (seegpage) qudity results for column leaching studies.

Experimentd | Sample Materia Amendments | Leaching Leaching Poreweater Effluent Characteristics
Arrangement | Type Classfication Conditions | Solution
Acid Mine Effluent | Mgor Metals and
Drainage pH Radionuclides
Group #1
Columns Talings Undlassfied None Unsaturated | Gravd pit | Yes Initid Al, Ca, Ce, Cu, Fe,
#1 - #3 (Control-1) | totd mill lakewater | Moderate 7.0-8.0 Mg, Mn, Ni, Pb, Zn,
talings, acidity: find Th, U and
un-oxidized 500-1500 | 2.0-3.0 Ra-226 (500 - 3500
mg CaCOy/| mBg/)
Columns Talings Undassified 7.5% (w/w)* | Unsaturated | Grave pit | None 70-80 | Ca Mg, Mnand
#4 - #6 tota mill coarse lake water Ra-226 (300 - 2000
talings, limestone, mBg/l)
un-oxidized sze-6.3 mm
Columns Talings Undlassfied 7.5% (w/w)* | Unsaturated | Gravd pit None 70-80 |Ca Mg, Mnand
#7 - #9 tota mill medium sze lake water Ra-226 (300 - 2000
talings, limestone, mBg/l)
un-oxidized sze-2.4 mm
Columns Talings Undlassfied 7.5% (w/w)* | Unsaturated | Graved pit None 70-80 |Ca Mg, Mnand
#10 - #12 tota mill fine limestone, lake water Ra-226 (300 - 2000
talings, Sze-0.84 mm mBg/l)
un-oxidized
Columns Tallings Undassfied 7.5% (w/w)* | Unsaturated | Grave pit | None 70-80 | Ca Mg, Mnand
#13 - #15 tota mill pulverized wet lake water Ra-226 (300 - 2000
talings ground mBg/l)
un-oxidized limestone
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Table S1(continued): Summary of test conditions and porewater effluent (seepage) qudity results for column leaching sudies.

Experimentd | Sample Materia Amendments | Leaching Leaching Porewater Effluent Characteristics
Arrangement | Type Classfication Conditions Solution
Acid Mine Effluent | Mgor Metdsand
Dranage pH Radionuclides
Group #2
Columns Talings Coarse None Unsaturated | Gravd pit | Yes, Initid Al, Ca, Ce, Cu,
#16 and #17 | (Control-2) | talings, lake water | High acidity: 75-80 | Fe Mg, Mn,Ni,
un-oxidized 12,000-30,000 | find Po, Zn, Th, U and
mg CaCOy/l 1.0-2.0 |Ra226(100-
5000 mBg/l)
Columns Talings Coarse 7.5% (w/w)* | Unsaturated | Graved pit | Yes, Initid Al, Ca, Ce, Cu,
#18 and #19 talings coarse lake water | 1year delay, 8.0-85 | Fe Mg, Mn, Ni,
un-oxidized limestone, High acidity: find Pb, Zn, Th, U and
Sze-6.3mm 4000-12,000 |25-3.0 | Ra226 (600 -
mg CaCOy/l 4500 mBg/l)
Columns Talings Coarse 7.5% (w/w)* | Unsaturated | Grave pit | None 8.0-85 | Ca Mg, Mnand
#20 and #21 talings pulverized lake water Ra-226 (500 -
un-oxidized | wet ground 2000 mBg/l)
limestone
Group #3
Columns Talings Coarse None Submerged | Didilled None for the Initid Ca, Fe, Mg, Mn,
#22 - #24 talings, water first threeyears, | 7.5-8.0 | and Ra-226 (1000
un-oxidized very wesk in find - 27,000 mBg/l)
thefourthyear: | 5.5-7.0

acidity 10-20
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| mgcacoyl |

* wiw = weight percentage

Table S1(continued): Summary of test conditions and porewater effluent (seepage) qudity results for column leaching sudies.

Experimentd | Sample Type | Materid Amendments | Leaching Leaching Porewater Effluent Characterigtics
Arrangement Classfication Conditions | Solution
Acid Mine Effluent | Mgor Metds
Drainage pH and
Radionuclides
Group #4
Columns Wasterock | Crushed, None Unsaturated | Grave pit | None 7.2-8.0 | Ca Mg, Uand
#25 and #26 gze-2.0 mm, lake water Ra-226 (50 -
un-oxidized, 300 mBgy/l)
medium acid
genereting,
NNP=-10.7 Kg
CaCOgftonne
Columns Wasterock | Crushed, None Unsaturated | Grave pit | Yes. Initid Al, Ca, Ce, Cu,
#27 and #28 sze-2.0 mm, lakewater | 3year ddlay, | 7.5-8.0 | Fe, Mg, Mn, Ni,
un-oxidized, high High adidity: | find Pb, Zn, Th, U
acid generding, 7,000-20,000 | 2.0- 2.5 | and Ra-226 (100
NNP=-17.8 Kg mg CaCOs/| - 2000 mBg/l)
CaCOgftonne
Columns Wasterock | Crushed, None Unsaturated | Grave pit | None 75-8.0 | Ca Mg, Uand
#29 and #30 gze-2.0 mm, lake water Ra-226 (100 -
un-oxidized, low 450 mBg/l)
acid generding,
NNP = +13.8 Kg

CaCOgftonne
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1. INTRODUCTION

CANMET, Elliot Lake laboratory and Rio Algom Limited, Elliot Lake Divison, under the
umbrella of the Mine Environment Neutral Drainage (MEND) Program, signed a memorandum
of understanding (MOU) in 1989, to undertake a three year joint research program dedling with
the development of a shdlow water cover or wet barriers on pyritic uranium tailings. The
objective was to investigate the feasibility of establishing such covers on exidting talings, as a
decommissioning option, for long term management and control of acid generation, and to study

the associated mohilization of heavy metd's and radionuclides.

During this program, CANMET, Elliot Lake Laboratory conducted extensive laboratory and
fiedd invedigaions for evaduaing the oxidation, leaching and limestone neutrdizetion
characterigtics of unclassfied totd mill tailings, coarse mill tailings and waste rock, and the role
of a shdlow water cover and wetlands in contralling acid generation and release of tailings
derived contaminants into the environment. Rio Algom Limited undertook detailed geotechnical
sudies deding with the establishment of a large scde field demondration and water cover test
dte, its condruction as a pilot project and monitoring of its performance for water cover
retention and impact on surface and ground water qudity. At the completion of these studies,
Rio Algom Limited awarded a contract to CANMET, Elliot Lake Laboratory in late 1993 for
compilation and reporting of the |aboratory experimentd results. This work was performed by
N. Davé and the scientific and technica staff of the Elliot Lake |aboratory.

11 Acid Generation Control - Shallow Water Cover / Wet Barriers

Uranium mining waste in Elliot Lake is both acid generating and dightly radioactive.  Acid
generation is the Sngle most important problem causing mobilization of iron, other  metas and
radionuclides resulting in alow level radioactive acid mine drainage. With the acidic conditions,
most of the uranium and thorium decay series radionuclides are dso mobilized, notably
radioisotopes of U, Th and Ra, etc. Raisaso leached a neutral and dkaline pH conditions but



Report Lit

1-2

its solubility is inversely dependent upon the sulphate ion concentration.  With unsaturated
conditions and upon drying, the waste materid is further subjected to wind erosion, where
dispersa of radioactive dust particulates, and radon gas and its progeny aso becomes very
important factor that needs to be addressed when congdering the long term management
aspects of these wastes.

Acid generation from reactive sulphide wastes can be controlled by diminating or reducing one
or more of the essentid components: Resctive sulphide minerds, water or moisiure and
oxygen; or by controlling the environment at source in order to retard the rate of acid generation
to an inggnificant levd. The excluson of oxygen from the reactive wagte is probably the most
effective long-term acid generation control technique. Appropriate cover materids for the
purpose of limiting oxygen entry include water, low permegbility soils and clays, synthetic liners

and their combinations.

Water, with its low oxygen diffusion coefficient (2x10° n? s*) and low oxygen solubility (~8.6 g
m?* a 25°C), is probably the most economical and best oxygen limiting cover that is readily
available for acid generation control measures. In the absence of convective transport , the rate
of oxygen diffuson through weter istoo dow to be of any sgnificance for acid generation (Davé
1992).

Similar to oxygen, the diffuson coefficient of radon gas in water (1.13 x 10° nf s* ) is
approximately four orders of magnitude lower than in air (1.1 x 10° n? s*) (Tanner, 1964 and
Nielson et. d 1984). Further, in comparison to dry tailings, the radon exhdation rates from wet
and saturated uranium tailings decreased by factors of 4 to 20, depending upon the degree of
moisture saturation and particle size distribution of the tailings (Silker, et d 1979, Davé and Lim
1987, Silker and Header 1979, Strong K. P. and Levins, D. M, 1982, Macbeth et. d, 1977).
A water cover on uranium tailings, thus offers the added advantage of reducing or eiminating
radon exhdations and its decay products, as well as controlling the arborne dispersa of
radioactive dust particulates.
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Water cover or wet barriers on acid generating uranium tailings and waste rock provides the

following four important control measures:

1. Limiting available oxygen for the oxidation process, and hence controlling acid generation,

2. Eliminating surface eroson by wind and water action when placed in a depogtiond bagin,
thus controlling dusting problems,

3. Creating areducing environment suitable for supporting nitrate and sulphate reducing micro-
organisms in sediment/substrate where, respectively, ammonia adkalinity and hydrogen
sulphide gas are produced. The latter reacts with dissolved metals and precipitates
insoluble metd sulphides, and

4. Attenuating or diminating radon gas exhdations and radioactive dust particulates from the

uranium waste,

1.2  Background to the Study

In the uranium mining didrict of Elliot Lake, Ontario, dl the operaing uranium mines, except
one, are closed because of poor uranium prices and low ore grades. In 1990, Rio Algom
Limited, Elliot Lake Divison, dosed the Quirke and Pand Mines, with the remaining Stanleigh
Mine, scheduled to cease operation in 1996 . In 1992, another mining company, Denison
Mines, shut down its only operating mine. There are gpproximately 170 million tonnes of
uranium tailings deposited at various surface impoundment facilities that will be decommissioned.

The uranium mill tailings in the Elliot Lake region are acid generating, low levd radioective
wastes, containing approximately 5 to 7% pyrite and low concentrations (10 to 15 Bq g') of
uranium and thorium decay series radionuclides, e.g. U-238, U-234, Th-232, Th-230, Ra-228,
Ra-226, and Pb-210 etc. Although the tailings were discharged a neutrd to akaline pH's, the
resdent akainity of the host rock was consumed in the milling process, where an acid leach
process was used for uranium extraction. Consequently, these tailings have low buffering
capacity. Acid generation and the concomitant release of metds and/or radionuclides are
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environmenta problems that need to be addressed when evaduating decommissoning options

for such wastes.

In the past, many such inactive tailing Stes have been successfully reclamed by re-vegetation
which has been very effective in providing physca gability and improving aesthetics. The
vegetative cover, however, has not been effective in providing any control over acid generation
and migration of contaminants (Ve dhuizen et d 1987, Davé and Lim 1988, and Boucher et Al
1989).

With the wet barriers’weter cover as an emerging technology for controlling acid generation as
well as radon exhaation, both Elliot Lake mining companies have proposed decommissioning of
their recently inactive tailings dtes by a large scde submerson of  talings underwater and
edtablishment of an ingtu water cover. All of the Stes are idedlly Stuated in valeys with cross-
valey engineered dams and favourable topography for providing a permanent water cover.

Rio Algom’s plan for covering Quirke and Panel waste management aress (Fig. 1) with water
conggts of rasng the crests of low devation impoundment dams to submerge dl the exposed
wadte underwater either as a sSingle basin (Pand sSite) or as a multi cdl terraced basin (Quirke
gte). In both cases, a minimum of 0.6 m deep water cover will be provided at high eevation
tallings discharge locations. At far ends and low devation locations, the depth of the water

cover may vary from 1 m to severd meters.

The Quirke waste management area contains approximately 48 million tonnes of uranium mine
tallings and development waste rock (gpproximately 4 million tonnes), and covers an area of
190 hawith adrainage basin of 275 ha (Bdins et 1991 and Kay et Al 1992). Thereisa1l5m
elevation difference between the west end of the Quirke talings basin and the east end effluent
discharge area.  To enable covering the tailings with water, the basin will be developed in a
terraced manner by condructing four internal dykes and dividing the basin into a series of
internd cells, which will effectively ded with the decrease in the tailings surface eevation from
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west to east (Figures 2 and 3). The drop in devation from cdl to cel will be aout 4 m,
representing an overal average gradient of approximately 0.5%. These internd cdls will be
retained by dykes congtructed of mine waste rock, tailings and glacid till. The Quirke Waste
Management Area will be alowed to submerge underwater by norma precipitation over the
entire basn by collecting the area run-off in a nearby Grave Pit Lake and diverting its overflow
to the tallings bagn..

The Pand Waste Management area contains (Figure 4) approximately 16 million tonnes of
uranium mine tallings and waste rock (gpproximately 0.5 million tonnes), and covers an area of
84 hain the main basin and 39 hain the south basin. The south basin contains relatively small
quantity of tailings that are about 30 years old and dready underwater. The main basin will be
covered with water asasingle cdl by naturd precipitation (Rio Algom 1993).

In 1989, while preparing decommissioning plans for the facility, Rio Algom limited requested
CANMET's participation in developing and undertaking a joint study program for evauating
oxidation and leaching characterigtics of exposed and submerged tailings and waste rock,
limestone neutrdization of exposed talings, and radionuclide leaching characteristics of water
covered tailings. The concept of establishing wetland on submerged tailings, characterization of
exiging wetlands on/or near uranium tailings and their propagation and transplantation studies
were aso included in the study.

This research program offered a unique opportunity of studying large scale insitu establishment
of water cover on reective acid generating tailings, which was of importance to the mining
industry and MEND. Consequently, the present joint research program was initiated in 1989 to
evduate the feashility of establishing a shdlow water cover on pyritic uranium tallings and
determine its performance, both under laboratory controlled conditions and in the field. Funding
for the program was approved by MEND and shared jointly by CANMET and Rio Algom
Limited.
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1.3  Wet Barriers Research Program

The research program consisted of the following study projects:
Literature review on the state of the art use of wet barriers and wetlands, both natura and
congtructed, for controlling acid mine drainage,
Feld evauations of established wetlands on exigting tallings sites and their immediate vicinity
inthe Elliot Lake area,
Devedopment and implementation of small scae fidd test plots to evauate the suitability of
loca wetland vegetation species for trangplantation and establishment on exigting tailings,
and determination of a suitable planting methodology,
Column leaching and limestone neutralization tests to determine the oxidation rate of pyrite
and leaching rates of iron, cadcium sulphate (gypsum) and radionudlides, both under
unsaturated and saturated (submerged) conditions. Evauation of the effectiveness of adding
limestone, or other naturd dkaine materids, in varying concentrations and varying screen
Szesto neutrdize porewater acidity in tailings, produced as aresult of pyrite oxidation,
Column leaching studies of crushed waste rock of different acid generation potentials under
unsaturated conditions,
Diffuson and oxidation studies of underwater disposed un-oxidized (fresh), and oxidized
uranium mill tallings
Development of a large scde fiedld demondration and water cover test plot on existing
tallings for assessing the role of water cover/wetland in controlling acid generation,
Hydrologicd assessment of the field demondration Ste for water retention and storage
capacity of the talings materia, water balance of the area, storm flow control, and water
cover management during operationd and draught conditions,
Review and assessment of various internal dykes and cedlls designed for weter retention
cgpatiilities, mechanica stability and acid generation contrals,
Ingdlation of field instrumentation and monitoring of the surface and ground water qudity
for evauating the hydro-geochemidtry of the field demondtration site and other pertinent field
Sites before and after the establishment of water coversiwet barriers,
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Compilation of al monitoring data needed to cdibrate, confirm and verify various models
developed for predicting oxidation of pyrite and leaching of metals and radionuclides from

uranium tallings

CANMET, Elliot Lake laboratory conducted the laboratory experimentd at its facility in Elliot
Lake, and the fidd survey and monitoring work was done in collaboration with Rio Algom
Limited. A large 65 ha fidd demondration and water cover test site for this project was
developed by Rio Algom Limited at the Quirke Waste Management Area. The Ste has been
continuoudy maintained underwater snce October 1992 and monitored for its hydrologicd,
meteorologicad and water qudity parameters.

In addition to the above Sudies, a separate environmental monitoring and survey project
condsting of evauaing a naturd wetland basn containing partidly submerged pyritic uranium
tallings (Pane Wetland) was aso undertaken by CANMET, Elliot Lake laboratory in
collaboration with Rio Algom Limited. Shared funding for this program was provided by the
Ontario Ministry of Northern Development and Mines (MNDM).

To-date, the following reports have been prepared and are available for digtribution through
MEND secretariat and Rio Algom Limited, Elliot Lake:

Wetlands and Their Role in Treating Acid Mine Drainage - A Literature Review (Dave and
Lim 1989),

Pand Wetlands - A Case Higtory of Partidly Submerged Pyritic Uranium Tailings Under
Water (Davé 1993),

Investigations of the Hydrologica Aspects of the Quirke Mine Waste Management Area
Decommissioning Plan (Cummings and Cockburn 1991),

Geotechnical Aspects of Decommissioning the Quirke Mine Waste Management Area
(Golder Associates, 1991).
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Preiminary results of this sudy program were reported in 1990 by Daveé et d (1990) and more
detailed results by Davé and Vivyurka (1993 and 1994). This report provides a comprehensive
description of the laboratory lysmeter studies and in-depth analysis of the results obtained.

2. LABORATORY LYSIMETER STUDIES - EXPERIMENTAL METHODOLOGY

The laboratory lysmeter studies were conducted a the CANMET, Elliot Lake Laboratory and
conssted of the following separate experimentd arrangements:.

Column lysmeter leaching experiments, and
Diffuson lysmeter trandfer flux experiments.

21  Objectivesand Study Plans

The column lysmeter leaching experiments were undertaken for determining the oxidation and
leaching characterigtics of unclassfied totd mill tailings, coarse tailings, and crushed waste rock,
dl under unsaturated conditions, and submerged coarse talings with 0.4 m water cover.
Additional studies were conducted for the evauation of neutrdization characteristics of
commercid agriculturd grade limestone of various grain sizes, mixed separately with undlassified
totd mill talings and coarse talings, dlowed to weether and leached under unsaturated

conditions.

The diffuson lysmeter sudies were conducted for determining the diffuson rdaed transfer
fluxes of soluble mineras, oxidation reaction products and radionuclides, across the solid liquid
interface, from un-oxidized and oxidized tailings deposited under 0.3 m water cover. These
studies determined the diffusion controlled surface water quality of underwater deposited tailings
in the absence of vertical advection or porewater flow. The un-oxidized tailings had been under

a continuous water cover for the past twelve years and the oxidized tailings were freshly
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deposited underwater in 1990., both in the laboratory diffuson lysmeters for related previous

sudies.

The details of the column leaching experiments are discussed in this report and those of the
diffuson flux experiments are given separately in an accompanying report (Part 111).

2.2  Column Lysmeter Leaching Studies

As mentioned previoudy, column lysmeter leaching tests were conducted to determine
oxidation and leaching characterigtics of pyritic uranium tailings under unsaturated (control) and
submerged conditions, and mine development waste rock. Tests were aso conducted for
avalable net neutrdization potentids for coarse and fine grained limestone mixed with tallings.
The results of this study would be useful in evauating the effectiveness of various covers,
disposa methods and surface amendments in controlling acid generation, and determining the

economics of their gpplications.

For these tests, two types of tailings and three types of waste rock were chosen. The tailings

Were:

Un-oxidized totd mill tailings (fresh and unclassfied), approximatdy 50% less than 74 mm
or-200 mesh, obtained from the tailings filtration circuit of Rio Algom’s Quirke mill.
Un-oxidized (fresh) coarse taillings, 94% greater than 74 um or +200 mesh, obtained from
the Quirke West Arm tallings area.

The waste rock was sdlected from the Quirke West Arm internd dykes and roadways and
classfied into the following three acid generation categories.

High acid generation potentidl waste rock a having net neutrdization potentia
(NNP) of -17.8 kg CaCO;/tonne,
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Medium acid generation potentid waste rock having a net neutrdization potentid (NNP) of
-10.7 kg CaCO;/tonne, and

Low acid generdtion potentid waste rock having a net neutrdization potentia
(NNP) of +13.8 kg CaCOs/tonne.

The limestone used was of commerciad agriculturd grade screened to Szes of -6.3 mm

(-4 mesh), -2.4 mm (-8 mesh), -0.84 mm (-20 mesh), and wet ground and pulverized.

For tailings, the leaching tests were conducted for both unsaturated and submerged conditions,
and the limestone neutralization tests were conducted for the two tailings, each mixed with 7.5%

(by weight) limestone of various screen Sizes, and under unsaturated conditions as follows:

Un-saturated Conditions:
Un-oxidized totd mill tailings (fresh and undassfied) without additiond limestone (Control -
1),
Un-oxidized tota mill tailings (fresh and undassified) mixed with 7.5% (by weight) limestone

of screen szes: -6.3 mm, -2.4 mm, -0.84 m, and wet ground,

Un-oxidized (fresh) coarse tailings without additiona limestone (Control - 2),

Un-oxidized (fresh) coarse tailings mixed with 7.5% (by weight) limestone of screen size -
6.3 mm, and wet ground,

Un-oxidized crushed waste rock (-6.3 mm, 0.25 inch) having the three different acid
generation potentias

The limestone, 7.5% by weight, was added in stoichiomatric proportion to the totd acid
generation potentid of tailings containing 5% pyrite.

Submer ged Conditionswith 0.45 m Water Cover:

Un-oxidized (fresh) coarse tallings without additiona limestone.
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For leaching under submerged conditions, only coarse tailings were chosen for their high
oxidation potentid when unsaturated and low resdud limestone and gypsum contents which
dlowed study of leaching and dissolution kinetics of Ra226 and other radionuclides, both
before and after gypsum removad.

The laboratory experimenta arrangement of submerged tailings was desgned to smulae
conditions of the fiedd demondration water cover test ste a the Quirke Mine Wadte
Management area. This test Ste, designated as Quirke Cell #14, is located & the high elevation
western part of the Quirke Tailings basin (Fig. 2) and contained mostly coarse tailings near the
surface and dong the perimeter dams. The course tailings drained rapidly and are susceptible to
oxidation when exposed. Upon submersion, a certain oxidation probability ill existed for
exposed beaches and uplands during dry summer periods or draught conditions. Also, at this
gte the water flow is predominantly through the groundwater regime transporting the oxidation
reaction products (if any) downstream including dissolved gypsum, metals and radionuclides etc.

23  Experimental Details
231 ColumnLysmeter - Experimental Arrangement

The leaching experiments were conducted using cylindricd column lysmeters made from
schedule 80 grey PVC pipe, of thickness 1.25 cm and nomind diameter 15.2 cm (1.D. 14.5
cm). Each column was gpproximately 122 cm in height and closed a the bottom end with a
PV C end cap that contained, in the middle, a 1.25 cm diameter PV C fitting for drainage viaa U
- tube. A 60 cm long polypropylene drainage tube was connected to the fitting, and bent
appropriately to form a U trap at the bottom and ancther inverted U at the top, whose height
defined the water table evation in the test sample. Another PVC fitting, 1.9 cm in diameter,
was connected approximately 25 cm below the top of the lyameter for overflow.  This
arrangement provided awater trap in the effluent drainage line for preventing air entry and waste
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oxidation from the bottom. At the bottom, the lysmeter column contained two 6.5 cm thick
layers, one each of clean sand and grave, for filter and bed support purposes. Each column
contained gpproximately 14.3 kg of the sample materia which filled it to a height of 35 cm
above the filter bed for unclassfied total mill tailings, and 45 cm for coarse tailings and waste

rock.

Figs. 5 and 6, show, the experimental arrangements of column lysimeters for leaching under
unsaturated and submerged conditions, respectively.

In total 30 such columns were filled with tailings or tailings and limestone mixture or waste rock,
and grouped into the following four experimenta arrangements:

Group 1: Un-oxidized Total Mill Tailings (Unclassified), Unsaturated Conditions
Contained five sets, each with three replicates, and consisted of:
Columns #1-3, containing un-oxidized tota mill tailings without additiona limestone, Control
-1,
Columns #4-6, containing un-oxidized tota mill tailings mixed with 7.5% (by weight) coarse
limestone of screen size -6.3 mm (-4 mesh),
Columns #7-9, containing un-oxidized tota mill tallings mixed with 7.5% (by weight)
medium size limestone of screen size -2.4 mm (-8 mesh),
Columns #10-12, contaning un-oxidized totd mill talings mixed with 7.5%
(by weight) fine limestone of screen size -0.84 mm (-20 mesh), and
Columns #13-15, contaning un-oxidized totd mill talings mixed with 7.5%
(by weight) wet ground limestone.

Group 2: Un-oxidized Coarse Tailings, Unsaturated Conditions
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Contained three sets, each with two replicates, and consisted of:
Columns #16 and 17, containing un-oxidized coarse talings without additiona limestone,
Control - 2,
Columns #18 and 19, contaning un-oxidized coarse talings mixed with 7.5%
(by weight) coarse limestone of screen size -6.3 mm (-4 mesh), and
Columns #20 and 21, contaning un-oxidized coarse talings mixed with 7.5%
(by weight) wet ground limestone.

Group 3: Un-oxidized Coar se Tailings, Submerged Conditions
Contained a single set with three replicates and consisted of:
Columns #22-24, containing un-oxidized coarse talings without additiond limestone and

covered with a0.4 m of water cover.

Group 4: Un-oxidized Waste Rock, Unsaturated Conditions

Contained three sets, each with two replicates, and consisted of:
Columns #25-26, containing crushed waste rock (size -2.0 mm) of medium acid generation
potentia, having a net neutraization potential (NNP) of -10.7 kg CaCOs/tonne.
Columns 27-28, containing crushed waste rock (Size -2.0 mm) of high acid generation
potentia, having a net neutralization potential (NNP) of -17.8 kg CaCOs/tonne), and
Columns 29-30, containing crushed waste rock (sze 2.0 mm) of low acid generation
potentia, having a net neutralization potentid (NNP) of + 13.8 kg CaCO;/tonne.

The initid set up of columns was followed, in order, by saturated hydraulic conductivity
measurements, inoculation of columns with Thiobacillus ferro-oxidans culture solution and

column leaching experiments.
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2.3.2 Sampling Procedure: Tailingsand Waste Rock

The required tailings and waste rock samples were collected by personnd from the Research
and Development department (during its operationa period) of Rio Algom Limited. The
following sections detall the sample callection methods for totd mill tailings, coarse tailings and

waste rock.

2.3.21 Unclassfied Total Mill Tailings

Representative, fresh (un-oxidized) and unclassfied “Tota Mill Tailings’ samples for these tests
were collected daily, in batches over a period of five days, from the solid-liquid filtretion circuit
of the Quirke Mill. Each day, atotd of 21 sample batches, each weighing gpproximatdy 5 kg,
were collected and arranged as shown in table 1. This sampling procedure was followed to
ensure that representative and well mixed tailings samples were obtained, over a reasonable

milling period, prior to any segregation of particle Sze following discharge of tailings.

Tablel. Sample arangement: batch sampling of tota mill tailings from Quirke Mill filtration

circuit.

DAY SAMPLE NO.

NO.
1 Al, Bl C1, €tc. ... WUl
2 A2,B2,C2, D2, etc. ... U2
3 A3, B3, C3, D3, E3, €tc. ... ..U3
4 A4, B4, C4, D4, E4, F4, etc. ... ..U4
5 A5, B5, C5, D5, E5, F5, G5, etc. ... ..U5

A true representative mixture of unclassified total mill taillings containing a broad range of gran
gze from coarse to fine tallings was achieved by cregting a compodte sample, such as
composite sample #1, which was made by mixing samples A1, A2, A3, A4 and A5, obtained
during the five day sampling period.
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Similarly, for composite sample #2, batch samples B1, B2, B3, B4 and B5 were mixed. A totd
of 21 amilar composite samples were thus created as unclassified total mill tallings. These
samples were first de-watered to remove the remaining liquid, followed by drying in a nitrogen
environment to avoid oxidation, packed in plastic bags and transported to the CANMET
Laboratory for loading the experimental columns. For the purpose of this report, to smplify the
terminology, these tailings are referred throughout as total mill tailings.

2322 CoarseTailings

The un-oxidized coarse tailings samples were obtained directly, as field samples, from the West
Arm tailings basins of Quirke Waste Management area, near the tailings discharge point.
Random grab samples were collected of freshly discharged tailings in a bucket from the surface
of the sdttled tallings in the basin and blended in the fidd. Multiple sample buckets were
collected from the entire sampling area to creste 20 random fidd samples, each containing
aoproximately 10 kg of tailings and bagged individudly for transportation to the CANMET
Laboratory. Size digribution analyss on a random composite field sample showed that the
tallings contained less than 4% (by weight) of Size fraction lessthan 75 pum (- 200 Mesh). In this
report, these tailings are referred throughout as coarse tailings.

2323 Wasterock

The wadgte rock samples were dso collected in the field from the West Arm tailings basin of the
Quirke Waste Management Area, where the waste rock was used in the construction of interna
dykes and access roads. A total of 12 random samples approximately 15-20 kg each, were
collected from different locations over a period of two months. The waste rock, originating from
the Quirke Mine, was relaively un-westhered, and was sampled during the congtruction of the
internd dyke at Cell #14, the water cover experimenta test Ste.

Individua waste rock samples were crushed, using jaw and roller crushers, to 2 mm diameter
particle size (-10 mesh) and a representative sample from each batch was collected. These
representative samples were oven dried a 70 °C in dry nitrogen environment (oxygen free),
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cooled and pulverized firgt in adisk grinder followed by a ball mill. The pulverized waste rock
samples were anayzed for tota sulphur content (acid generation potentid) and total available
akdinity, measured as kg CaCO./tonne waste rock, and their net neutrdization potentias
(NNP) were determined. Based on these results, the waste rock samples were classified into
the following three categories.

Quirke wagte rock, sample A (QWR-A), medium acid generation potential, having an
average net neutralization potential (NNP) of -10.7 kg CaCOs/tonne.

Quirke wagte rock, sample B (QWR-B), high acid generation potentid, having an average
net neutralization potentia (NNP) of -17.8 kg CaCOg;/tonne, and

Quirke waste rock, sample C QWR-C), low acid generaion (net acid consumption)
potentia, having an average net neutrdization potential (NNP) of +13.8 kg CaCOs/tonne.

These samples, labeled as QWR-A, B, and C, were individually bagged and transported to the
CANMET laboratory for column leaching experiments.

2.3.3 SamplePreparation and Column Loading

The samples were prepared for individua column sets in each experimental group by randomly
sdecting individud composite samples from each group and mixing them in a cement mixer for
one hour. For example, for columns #1-3, (Control - 1) samples, severd bags of total mill
tallings were sdlected and mixed to produce atotd of 53.5 kg of the sample. The mixed sample
was divided into two or three equa portions, depending upon sample replicates, and a 14.3 kg
portion of the mixed sample was placed in each column which filled it to a height of 35 to 45 cm
above the sand and grave filter depending upon the particle size of the sample materid. Coarse
tallings and waste rock samples filled the columns to greeter heights than those of totd mill
tallings which, because of their particle sze distribution, compacted more. The excess mixed
sample was retained for physica and chemicd andyses and as an additiond backup sample.



Report Lit

1-17

For tallings samples mixed with limestone, 53.5 kg of a given talings sample were mixed with 4
kg of limestone of certain screen size to produce a homogeneous mixture containing 7.5% of
limestone by weight proportions.

All loaded columns were set upright in a wooden support frame, for column permesbility and
leaching experiments.

2.3.4 Column Permeability M easurements

The saturated hydraulic conductivity or column permesbility of each column was measured using
a congant head method using the experimenta arrangement for submerged tailings as shown in
Figure6.

Initidly after loading, dl columns were filled with digtilled water from the bottom to displace
trgpped ar. Occasondly a rubber mdlet was used to tap the columns to enhance the
settlement of tailingswaste rock and further release trgpped air. The columns were then filled
with digtilled water up to the overflow level by adding water continuoudy from the top, alowing
the test materids to settle and consolidate further, and the flow was reversed dlowing a free
drainage from the bottom.

For saturating hydraulic conductivity measurements, distilled water was added at an appropriate
congtant flow rate a the top of the column for maintaining a constant water head above the test
materid, and its flow volume (V, ml) in agiven time (t, sec) through the column was measured.
With a given hydraulic head (h, cm) above the test materid of thickness (I, cm) the saturated
hydraulic conductivity was caculated usng the Darcy’s expresson for flow through saturated

porous media:

_K* A*(h+1)*t
|

v eq.(1)
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Where A is the cross sectiona area of the column (cnt) and K is the saturated hydraulic
conductivity (cnvs), obtained by:
V*|
= - (2
A* (h+1)*t e (2)
Experiments were carried out over severa hours (for coarse taillings and waste rock) to severa
days (for totd mill tailings) for collecting a Szable drainage volume from individua columns, and

repeated three to four times for measuring variaions within the column.

These saturated hydraulic conductivity measurements were for initid or origind conditions of
tallings and waste rock prior to any dterations in ther phase compogtions, particle sze
digtributions and porosities as a result of oxidation/reduction and neutraization reactions taking
place during the leaching studies. The production of iron hydroxide and gypsum dudge in the
limestone neutralization process may decrease the available open pore channels and hence the
initid hydraulic conductivity, which may increase again with the remova of gypsum and other
soluble minerds from the system.

2.3.5 Leaching Studies. Schedule and Sampling Procedures

At the completion of the column permesbility studies, dl the columns except columns #22-24,
were drained to establish unsaturated hydraulic conditions within test samples by adjusting the
phregtic surface (water table) just below the tallingswaste rock and sand/grave filter interface.
For the submerged tailings columns #22-24, the water level was maintained a the overflow
mark. All the columns were then inoculated with 100 ml of an acidic leachate, a Thiobacillus
ferro-oxidans culture solution, obtained from an underground leaching stope of the Quirke
Mine, and the columns were dlowed to acclimatize for afew days (aweek) prior to draining the
leaching solution.

Initidly for the first year, dl columns from #1-21 and #25-30 were batch leached under
unsaturated conditions by daily addition of 100 ml of well aerated naturd lake water, collected
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from Gravel Pit Lake near the West Arm tailings basin of the Quirke Waste Management Area
(Figure 2). The water was added, by pouring onto the surface of the test materid, for five
consecutive days with atwo day rest period every week, and collected on aweekly basis. The
columns drained fredy through the U-tube water trgp and the effluents were collected in 1l
(litre) polypropylene sample bottles.

The U-tube water trgp prevented air entry through the bottom of the column. This diminated
drain and column clogging problems arisng from the oxidetion of the sample materid at the
bottom, and precipitation and crystdlization of dissolved sdt during low or no flow conditions.

As mentioned previoudy, the water table or phreetic surface in the columns was adjusted near
the bottom of the tailings/waste rock at the sand/grave filter bed interface, which represented a
field scenario of severe drought condition, where the water table in the basin would drop 30 to

40 cm below the surface of the waste exposing it to oxidation and leaching.

For each column, the effluent sample was collected every week and its volume and primary
water quality parameters. pH, redox potentid, Eh, dectrica conductance, Ec, told acidity and
dkdinity were messured. The dfluent sample was then filtered usng a
0.45 um membrane filter, and acidified with HCl (20 to 30 ml per litre of sample). For each
column, the sample were then individualy composited, every two weeks, to conditute a bi-
weekly composite sample.  The composite samples were then andyzed for tota dissolved

concentrations of Al, Ca, Ce, Cu, Fe, Mg, Mn, Ni, Pb, Th, U Zn, SO,? and Ra-226.

During the firg year of such a dally leaching scheme, it was observed that most of the tailings
and some waste rock columns were retaining agppreciable amounts of moisture or were
excessvely wet near the surface.  This condition delayed ar entry and establishment of
unsaturated conditions within the talings and waste rock substrates, thereby reducing their
chances of air exposure and oxidation. The leaching scheme was then changed, at the end of

the first year, to a batch leaching schedule, where 1 | of well aerated naturd lake water was
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added in a angle batch every two weeks, dlowing the columns to oxidize between rinse cycles.
The effluent samples were then collected on a bi-weekly basis and composted every four

weeks for analyses as above.

The water covered talings, in columns #22 to 24, were trickled leached with didtilled water
under submerged conditions. Didtilled water was continuoudy added at the top of each column
a asufficient flow rate to maintain the water cover, dlowing pore water drainage and collection
of gpproximately 1| of effluent per day. This practice was continued for a period of two years,
and afterwards the pore water flow rate was decreased to dlow collection of 1 1 of effluent per
week. The procedure represented accelerated leaching of coarse tailings under submerged
conditions, where over a period of four years, gpproximately 250 porewater volumes were
exchanged. This scenario of high porewater flow smulation was followed to rapidly leach and
remove 0luble minerds like gypsum to enable further studies on oxidation and leaching
characterigtics of resduad minerds and radionuclides, especialy Ra-226, post gypsum depletion
and removal of

S04 ion solubility control.

For submerged tailings, the use of didtilled water as cover as wdl as for leaching purposes was
preferred over that of the Gravel Pit lake water to provide a continuous source of low
background water supply for measuring incremental changes in parameters such as acidity, Fe,
S0, and Ra-226, within the water column above the tailings and in the porewater

Periodically, water samples were aso collected from the upper lying water column a near
surface, mid depth and near bottom locations. All surface and drainage water samples were

andyzed for water quaity parameters as described previoudy.
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24  Analytical Proceduresand Quality Assurance/ Quality Control
24.1 Water Samples

The water samples were analyzed for primary parameter: pH, Eh, Ec, totd acidity and dkdinity,
total dissolved concentration of SO, and metals Al, Ca, Ce, Cu, Fe, Mg, Mn, Ni, Pb, Th, U,
Zn and Ra-226. For most analyses, the Standard methods for the examination of water and
wade water (American Public Hedth Association, 1992) were followed. Dissolved
metalselements concentrations were measured using an Inductively Coupled Argon Plasma
Atomic Emission Spectrophotometer (ICAP-AES), and SO,?, Ra-226 concentrations were
determined using radiochemica methods as described below.

2411 Primary Parameters

The primary parameters were measured in water samples as collected and prior to their filtration
for maintaining sample integrity, without loss of dissolved gases or oxidation of metd ions
specidly ferrous Fe™. The pH was measured using a standard glass body combination pH
probe with a saturated Ag/AgCl reference eectrode. The redox-potentia, Eh, was measured
usng plainum and a cdomd (HgHgCl,) reference eectrodes. The measured Eh was
normalized to standard hydrogen eectrode reference (NHE) by adding cdome and hydrogen
electrodes potentid difference of +244 mV. The dectrica conductivity, Ec, was measured
usng asmdl volume (5 ml) conductivity cell.

All these parameters were measured at the ambient sample temperature (as received ) and
normdized to the standard room temperature of 25 °C with an autométic temperature
compensator (ATC) or atemperature compensation procedure for EC measurements.

Tota acidity and akdinity were measured by titrametric methods. The acidity in sample
solutions containing hydrolizable metd ions, eg. Fe®, Al®, etc. and polyvaent cations, was
measured as a maximum potentia acidity. The pH of the sample solution was lowered below 4
by addition of a sandard acid solution (H,SO,) and the reduced ionic species were oxidized
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with a few drops of 30% HO,. The sample solution was then titrated with a standard akali
(NaOH) solution to pH 8.3 using a potentiometric titration method. The sample acidity was
caculated as.

Adidity, asmg CacOyl = LA™ B)- (C* D)]* 50000
’ ml_of _Sample_ Aliquote

eq.(3)

Where:

A =Volume of NaOH titrant used to pH 8.3, ml
B = Normdity of NaOH

C =Volume of H,SO, to pH 4, ml

D = Normdity of H,SO,

The dkdinity was aso measured using a potentiometric titration method. An diquot of sample
solution was titrated with a standard acid (H,SO,4) solution to pH 4.5. For solutions containing
low dkdinity, additiona titrant was carefully added to lower the pH further by exactly 0.3 pH

units and the totd titrant volume was recorded. The adkdinities were caculated as;

. A* N * 50000
Alkadinity, asmg CaCOy/l = (4
b g O m_of _Sample_ Aliquote ea(4)

Where A =Volume of sandard acid used, ml, and
N = Normally of the standard acid,

and low dkalinity as,

(2B- C)* N* 50000

Totd akdinity, asmg CaCO,/l =
v J o/ m_of _Sample_ Aliquote

eq.(5)
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Where B = Volume of titrant (standard acid) used to lower pH to 4.5, ml
C = Totd volume of titrant used to reach pH 0.3 unit lower, ml, and
N = Normality of the standard acid.

24.1.2 Elemental Analysis

Quantitative analyses of dissolved metas and sulphur in solution samples were performed using
a Thermo Jarrel Ash Inductively Coupled Argon Plasma - Atomic Emission Spectrophotometer
(ICAP-AES), model Polyscan 61E. Elementa concentrations were measured following
gopropriate wave length cdibration, sandardization, matrix meatching, inter-dement and
background corrections, and quality control protocol.

The samples were andlyzed in triplicate and the andyticd variance among replicates was
typicdly less than 3%. A qudity control (QC) sample, having a smilar compogtion and matrix
as those of the experimentd samples, was dso andyzed every ten samples and the system
stability was checked by the observed variances in concentrations of various eementsin the QC
sample. A QC fal command was st at the andlytical variance exceeding 5% for a given
element, and upon the detection of the fall command the insrument was autometicdly re-
cdibrated and the andlyses repeated. Typical detection limits for most eements, using ICAP-
AES, were below 0.05 mg/l.

24.1.3 Sulphate Analysis
For solution samples, the sulphate concentrations were measured with a radiochemical tracer

technique using a gamma emitter Ba-133 radioisotope.

The method conssted of precipitating sulphate as Ba (Ba133) SO, by the addition of a
preci pitating solution containing a fixed retio of BaCl,/(Ba-133)Cl, concentrations.  The sulphate
concentration was determined by measuring the recovery of Ba-133 radioisotope using a
gamma spectroscopy system.  The instrument measured the activity of Ba-133 isotope, usng its
356 keV gamma energy peek, with a 10 cm x 10 cm diameter Nal ( Tl) detector. By fixing the
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concentration ratio of BaCl,/(Ba-133)Cl,, three precipitating solutions, A, B and C were used
to measure total sulphate concentrations in the ranges of 10 - 100 mg, 1to 100 mgand 0to 1
mg SO, in the sample diquot, respectively.

This method was preferred over other conventional methods e.g. gravimetric, turbidity etc., for
its gpplicability over a wide concentration range without sample dilution and the ease of sample
preparation and counting. The method dlowed sample preparaion in large batches and
counting them a a later date and time without affecting results. For very low sulphate
concentrations (<10 mg/l) the above ICAP-AES method was generdly used.

24.1.4 Ra-226 Analysis

For Ra-226 determination, the apha spectrometric technique of Lim and Davé (1981) was
followed. Radium was chemically separated in a two-step process, first as a radium-barium
sulphate using concentrated sulphuric acid and lead sulphate as a carier, followed by the
dissolution of the sulphate precipitate in an ammoniacd solution of EDTA (Ethylene Diamine
Tetra Acetic Acid), and sdlective precipitation of radium from this solution, as a radium-barium
sulphate, at pH 4.8 usng glacid acetic acid and saturated ammonium sulphate solution.

A known amount of Ba-133 tracer (gamma emitter) was aso added to the starting sample for
chemica recovery factor determination and correction. The find precipitate was filtered on a
0.45 um Millipore membrane filter and the concentration of Ra-226 (activity) on the filter was
measured by apha spectrometry using a solid-state silicon surface barrier detector. Ra-226
activity was caculated by measuring totd disintegrations/counts for the 4.78 MeV dpha energy
decay pesk with an energy sdection window of 4.0t0 4.9 MeV. The chemica recovery of Ra
226 in the precipitate was calculated by measuring the recovery of Ba-133 tracer using the
gamma spectroscopy system as described above.
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2415 Minimum Detection Limits

For solution samples, the measured instrumental detection limits, defined as 3s where s is the
standard deviation of the instrumenta noise at background concentrations, are given in Table 2
for metals, SO,2 and Ra-226 for the analytical methods followed.

24.2 Solid Samples

The tailings and waste rock solid samples were pulverized to less 40 um sze and andyzed for
solid phase dementd and Ra226 compositions following acid digestions and complete
disolutions of the samples. The sample solutions were individualy brought to a standard
volume and were analyzed using the above described procedures.

24.21 SampleDigestion

For metals analyses, a pulverized tailings or waste rock sample (0.5 - 1.0 g) was completely
dissolved, first by digesting it with 20 ml of HNO; in 100 ml Teflon besker and boailing it to
dryness, followed by addition of 30 ml of HF and digestion at 100 °C for slicaremovad. The
sample was cooled and digested with 15 ml of a cocktail containing perchloric (HCLO,), nitric
(HNO3) and hydrofluoric (HF) acidsin aratio of 2:1:7, dowly at 110 °C till dryness, followed by
baking a 180 °C till al the white fumes of perchloric acid dissociation were expelled. The
sample was cooled again and dissolved completely in 50 ml of 50% HCI, by bailing, if
necessary. All sample solutions were stabilized by adding HCI to a find concentration of 10%
acid. The find volume of the sample solution was brought to | | (litre) for most metas, and 100
ml for trace metal andysis by adding de-ionized water.

For volaile dements, eg. Pb, the samples were dissolved with nitric acid (following slica
dedtruction) in high pressure Teflon vessels in a microwave digestion oven. The digested
samples were then dissolved in 50% HCI and prepared as above.
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For totd Ra-226 andysis, the solid sample (0.5-1g) was first digested with hydrofluoric acid in
a platinum crucible a a moderate temperature and evaporated to dryness, followed by a dilute
hydrochloric acid (HCl) dissolution. The sample/solution mixture was brought to a bail, cooled
and filtered. The filtrate was transferred to a pre-acid washed sample bottle. The residue (if
any) was heated in a muffle furnace a 550 °C for gpproximately 12 hours and cooled dowly.
The ashed residue was mixed with a sodium carbonate/boric acid flux in the ratio of 1 to 5,
heated in the platinum crucible in a high temperature flame until a clear melt was obtained, and
then cooled dowly. The mixture was dissolved in 50% HCI as above and the solution was
added to the filtrate in the sample bottle. The find sample volume was brought to 1l by adding
de-ionized water, if necessary. Prior to digestion, a known amount of Ba-133 radioisotope
tracer solution was dso added to the solid sample for chemica recovery determination, as

mentioned previoudy.

24.22 SlicaAnalyss

For talings and waste rock solid samples, slica was andyzed gravimetricdly by fuson and
decomposition of the slicate matrix, and re-crystalization of pure SO,. A portion, (0.5t0 1.0
g), of the findy ground solid sample was fused in a low-form zirconium crucible with sodium
peroxide (N&O,) and sodium hydroxide (NaOH) crystas (pellets) at a high temperature (650
°C) in amuffle furnace. The fused mixture was cooled and digested with 50% HCl, a a low
temperature on a hot plate, and evaporated to dryness until dl the fumes of HCl ceased. The
solids were washed with 50% HCl and filtered on an ashless filter paper. The filter paper,
together with the solid resdue, was ignited in a muffle furnace a alow temperature to burn the
filter paper, then heated to 1000 °C for 30 minutes. The crystalized slica resdue was cooled

in adesiccator for one hour and weighed for slica determination.

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

difference.
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The tota sulphur concentration was measured usng a Leco furnace sulphur andyzer. A
measured amount of dry pulverized sample was ignited at a high temperature in an eectric spark
furnace and the total sulphur concentration was determined by measuring the total quantity of
evolved sulphur dioxide gas usng gas chromatography.  Occasondly, tota sulphur
concentration was aso determined by complete destruction of the silica matrix and oxidation of
sulphides to sulphates either by N&O, fusion or perchloric acid digestion as described before,
followed by measurement of tota sulphate concentration in the sample solution by gamma
spectroscopy or ICAP-AES.

The tota sulphate sulphur concentration of the sample was determined by leaching it with avery
dilute solution of hydrochloric acid (1%0) to dissolve dl water and acid soluble sulphates, and
measuring the dissolved sulphate concentration by gamma spectroscopy or ICAP-AES.

24.3 Quality Assurance/Quality Control (QA/QC)

The OA/QC program conssted of andyzing 15-20% sample replicates, sample and reagent
blanks, and certified reference standards for solid and liquid samples together with an inter-

laboratory comparison program of unknown and reference samples.

For qudity contral, the experimenta samples were andyzed smultaneoudy with matrix matched
control samples, conssting of Canadian Certified Reference Materid Standards (CCRMP) for
Uranium, Base Metd Tailings and Ore, and appropriate sample and reagent blanks. All solid
samples were digested in duplicates and processed concurrently through the anaytica
procedures. For dissolved metas, as discussed above, the insrumental analyticad standard
deviaions were st a the 5% variation level of a quaity control (QC) sample for an automatic
QC pass /fail check and re-standardization, if necessary. The overdl precision and accuracy of
al mesasured andytical parameters were between = 5 to 10% levels depending on the
concentration range. For Ra226 analyss, certified Nationad Bureau of Standard (NBS)
reference materials were used for the QA/QC program, and the typica standard deviations
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were less than 10% a low concentrations (~300 mBg/l) and less than 3% a high
concentrations (~1000 mBg/l).

Tables 3-5, give the andyticd results of certified reference materids conssting of a digested
river sediment solution sample, atrace meta drinking water and uranium ore sandard samples,
respectively, analyzed for the QA/QC program established at the Elliot Lake Laboratory.

Tables 5 aso gives results of an inter-laboratory comparison program.

3. RESULTS

3.1  Column Permeability Results

Tables 6-9, show the column permegbility results for Group 1 - unclassified tota mill tailings,
Group 2 - coarse tailings, Group 3 - coarse tailings under submerged conditions and Group 4 -
crushed waste rock, respectivdy. The andyss of variance and datigtica sgnificance of
measured permesbilities within each group are given in Tables 10 and 11. The saturated
hydraulic conductivity's were lowest for Group 1 -total mill tailings (mean average 7.03 x 10°
cn/seC), in the range of Sty sand to till, and were highest for coarse tailings and crushed waste
rock where the measured vaues were gpproximately three orders of magnitude higher (in the
range of ~2 -4 x 10° cm/sec). For both coarse tailings and crushed waste rock, the measured
hydraulic conductivity vaues were in the coarse sand fraction range, representing good drainage
and high air entry values. Within each group, except Group 3 - submerged coarse tailings, the
results were Sgnificantly different a 5% leve of sgnificance but only margindly different at 10%
level of dgnificance. For the submerged coarse talings group, where the three columns
contained same tailings, no sgnificant variation in the measured hydraulic conductivity was

observed.
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For Groups 1 and 2, the variations were sgnificant (marginaly a 10%) amongdt tailings without
and with limestone. In generd, the conductivity decreased with the addition of limestone as well
as with its decreasng paticle sze, the finer the limestone the smaler was the observed
conductivity. Although, the observed differences were margina between limestone groups, the
results showed the generd trend that addition of finely ground limestone to tailings decreased
thelr saturated hydraulic conductivity.

Similarly for crushed waste rock, the observed hydraulic conductivities were lower (8 x 10
cm/s), by factors of 3 to 4, for low or non-acid producing waste rock (Quirke waste rock ‘C’,
NNP = +13.8 kg CaCOs/tonne, columns #29 and 30), than those for acid producing waste
rock (columns #25-28), where the measured vaues were in the range of 2.9 -3.3 x 10° cm/s.
Quirke waste rock ‘C’ contained approximately 0.42% tota S and 26.82 kg CaCO,; /tonne
akdinity, mostly on CaCO, or limestone (see table 18). Upon crushing, perhaps the limestone
fraction of that waste rock produced fine grind leading to observed differences in the saturated
hydraulic conductivity.

The saturated hydraulic conductivity, moisture retention and drainage characterigtics, and ar
entry parameters are intringically dependent on the particle size digtribution of the porous media
These parameters impact upon the oxidaion, acid generation and neutrdization, and
contaminants migration characteridtics of the waste materid. Low hydraulic conductivity and
poor drainage contribute to increased water retention, resulting in low oxidation and acid
generation rates, and increased contact time for limestone neutraization and hence enhanced
neutraization efficiency. Thus for Smilar acid generation potentiads and weathering conditions,
coarse tailings and waste rock are more amenable to oxidation and acidic drainage than total

mill tailings

Based on the present column permesbility results, it could be predicted with a reasonable
certainty that coarse tailings from the Quirke Mine Waste Management areq, if alowed to
oxidize, would contribute gpproximately 1000 times more to the acidic effluent than un-



Report Lit

1-30

segregated tota mill tailings of the same mass and under Smilar conditions.  This prediction will
further be examined when discussing column leaching results later in this report.

3.2  Solid Phase Composition

The solid phase compostions of tota mill tailings (Control - 1, column #1-3), totd mill talings
mixed with 75% limesone by weght (columns #4-15), coarse talings
(Control - 2, columns #16 and 17, and columns #22-24), coarse tailings mixed with 7.5%
limestone by weight (columns #18-21), medium acid generation potential waste rock (QWR-A,
columns #25 and 26), high acid generation potentia waste rock(QWR-B, columns #27 and
28), and low acid generation potentia waste rock (QWR-C, columns #29 and 30) are given in
Tables 12-18, respectively.

The data showed that both the tailings without additiond limestone, tota mill tailings and coarse
tallings were acid generating and the acid generation potentia for coarse tailings (NNP = -
129.2 kg CaCOsftonne) was dmost twice that for tota mill tailings (NNP = - 61.41 kg
CaCOy/tonne). Coarse tailings mixed with 7.5% limestone as well as waste rock QWR-A and
QWR-B was also acid generating with NNP of -42.8 kg CaCO,/tonne, -10.7 and -17.8 kg
CaCOsftonne, respectivdy. Totd mill tallings mixed with 7.5% limestone and Quirke Mine
Waste Rock QWR-C were non acid generating having NNP of +20.44 and +13.81 kg
CaCOs/tonne, respectively.

The coarse tailings were distinctly characterized by their high sulphide sulphur (4.22%) and iron
(3.99%) contents, and low calcium (0.4%), Mg (0.06%), Ba (0.078%), Pb (0.021%), Th
(0.02%) and total Ra-226 (3900 mBg/g) concentrations. The corresponding parameters for
total mill talings were, tota sulphide sulphur (2.17%), iron (2.49%), Ca (1.71%), Mg
(0.085%), Ba (0.1%), Pb (0.035%), Th (0.031%) and Ra-226 (7500 mBg/g) Most of Ca (as
gypsum, CasS0O,), Mg etc. and Ra226 were associated with the fine fraction of the tailings.
Because of their amost double sulphide (and hence pyrite) contents, the coarse tailings were
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potentidly two times more acid generating than total mill tailings as the resdud limestone
dkdinitiesin both the tailings were smdl, ~ 2.7 to 6.4 kg CaCO,/tonne.

The addition of 7.5% limestone by weight to both the tailings was based on the stoichiometric
limestone neutrdization of totd potentid acidity produced by talings containing on the average
5% pyrite (~2.5% sulphur as S, total acid generation potential 78.125 kg CaCO,/tonne or
~7.8%). These experiments were originaly planned using total mill tailings, where the added
limestone was aufficient for the neutraization requirements. The coarse talings experiments
were added later to establish drainage conditions smilar to that of the experimenta water cover
Cdl #14 a the Quirke Wagte Management Area, which contained a significant proportion of
coarse talings in the upper most horizon. In the actud cdl, the limestone was to be
incorporated in the near surface layer of the tailings, up to adepth of 15 cm and at arate of 200
tonneha.  Thus it was consdered appropriate to add the same amount of limestone to the
experimenta tallings as wdl. The fidd limestone gpplication rate of 200 tonnes’ha roughly
corresponded to 7.5% limestone by weight for coarse tailings having a dry bulk densty of 1.8
tonne/n?. The coarse tailings limestone mixtures were thus il potentidly acid generating, but
were representative of field conditions for both limestone neutralization and water cover sudies
as stated previoudy in the objectives of the program.

Compared to tailings, the three types of waste rock were high in Al (4-5%), Ba (0.16-0.2%),
Mg (0.16 - 0.5%), Mn (90 - 490 ppm), and U (0.005-0.008%); variable concentrations of Fe
(1.5-3.8%), Ca (0.2-1.0%), Th (0.01-0.025%) and Ti (0.16-0.42%); and low concentrations
of total sulphur (0.42 - 0.86%), Pb (0.006-0.01%) and Ra-226 (1750-2770 mBg/g). Waste
rock (QWR-C) contained higher concentrations of Fe, Ca, Mn and Zn, etc. than those of
QWR-A and QWR-B. The minerdogy of the waste rock was not examined in this study.

The waste rock was primary used, below the projected water leve, in the congtruction of
interna dykes and dams for water retention purposes. Periodicaly, the rock may be subjected

to exposure and hence oxidation, if the water levels were to fluctuate, contributing to acid
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generation and related impact on the water quality. The leaching characterigtics of the waste
rock were thus only studied under unsaturated conditions.

3.3  Column Leaching Results

The column leaching results for total mill tailings (Control - 1, columns #1-3) are given in
Appendix A. Tables A-1 to A-3, give respectively, the leachate water qudity results for
primary parameters and ionic concentrations (e.g. mg/l for metds), normdized loading and
removal rates (ug/kg per day) for metds, SO,% and Ra-226, and tota cumulative (as %)
productions'removals (loadings) of various species in the effluents. Figures A-1 to A-16, show
vaiations in the effluent water qudity as a function of time for pH, Eh, Ec, totd acidity, tota
dkdinity, sulphate, totd iron, Ca, Mg, Al, Mn, U, Th, Pb, Ra226 and totd cumulative
drainage flow volume. The corresponding tables and figures for total mill tailings mixed with
7.5% (w/w) limestone of screen sSizes coarse (-6.3 mm Size, columns #4-6), medium (-2.4 mm
sze, columns #7-9), fine (-0.84 mm size, columns #10-12) and pulverized wet ground
limestone (columns #13-15) are given in gppendices B-E, respectively; for coarse tailings
without limestone (Control #2, columns #16 and 17), coarse tailings mixed with 7.5% (w/w)
limestone of screen sizes, coarse (-6.3 mm sze, columns #18 and 19) and pulverized wet
ground limestone (columns #20 and 21) are given in Appendices F-H respectively; for coarse
tallings under submerged conditions (columns #22- 24) in appendix I; and for the three types of
wagte rock having medium (QWR-A, columns #25 and 26), high (QWR-B, columns #27 and
28) and low (QWR-C, columns #29 and 30) acid generation potentias are given, respectively,
in gppendices J-L.

These reaults are further detailed and discussed according to leaching conditions for the various
tallings and waste rock categories based on the group classification system described earlier in
section 2.3.1.
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3.3.1 Unsaturated Tailings

Initialy for the first year, when the leaching scheme congsted of daily additions of 100 ml of
naturd lake water to the columns, no acidic drainage was observed from any of the columns
including those containing waste rock. Although columns #16-21 contained coarse tailings and
columns #25-30, crushed waste rock (screen size -2.0 mm), they appeared to retain
appreciable amounts of moisture, in the laboratory experimental arrangement, to maintain near
saturation conditions due to a shdlow water table, gpproximatey 35-40 cm below the surface,
and frequent water additions. Because the objective of the study was to determine the
oxidation, leaching and limestone neutradization characteristics of tailings and waste rock under
different conditions, the leaching scheme for dl unsaturated columns was modified after the first
year, in June 1990, to batch additions of 1 | of naturd lake water every two weeks for flushing
and rinsing purposes. In the intermediate period, the test samples weathered and oxidized at

room temperature under unsaturated conditions.

With the implementation of this batch leaching scheme, both control tailings without limestone,
Control - 1, tota mill tailings (columns #1-3) and Control #2, coarse tailings (columns #16 and
17), as well as coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm,
columns #18 and 19), dl started to oxidize produced acidic drainages. The onset of the acidic
dranage and its qudity depended upon the nature of the tailings materid and limestone
amendments. No acidic drainage was observed from other tailings and limestone mixtures. The

detailed results are as follows;

3311 Group 1l Total Mill Tailings

3.3.1.1.1 Group 1 Control - 1, Total Mill Tailings Without

Additional Limestone, (Columns#1 - 3)
The tota mill tailings (Control - 1) columns started to produce moderatdly acidic drainage six
months to one year after the introduction of the batch leaching scheme, with column #2
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producing acidic effluent gpproximately six months before Columns 1 and 3. Figures 7-31
show the oxidation and leaching profile for Control - 1 talings, respectively, for pH, Eh, Ec,
totd acidity and akalinity, effluent loading rates for SO,?, Fe, Ca, Mg, Al, Mn, U, Th, Pb and
Ra226, and cumulaive productionsremovas (loadings) for totd  acidity,
SO,? Fe, Ca Mg, Al, Mn, Th and Ra-226, and totd accumulated effluent drainage volume
from April 1989 to June 1993. Except for effluent pH, Eh, and Ec, dl other parameters were
normalized to the effluent volume collected for a given sampling period and converted to ionic
meass loading rate per unit mass of tailings per day (e.g. for total Fe as ug tota Fe/kg tailings per

day) and cumulated mass (%) production/remova (loading) as.

lonic loading rate, (g ionkg tailings/per day) = % e, (6)

Where, Ci = lonic concentration in the effluent, mg/l,
V = Effluent volume collected during sampling period, |
M = Tota mass of tailings, kg, and
T = Sampling period, d.

(Ci* V)

=
Mi * 10 ea(7)

Qos

—
1l

Cumulative mass (%) production/remova =

where, n = Number of sampling periods,
Ci = lonic concentration in the effluent, mg/l
V = Effluent volume collected during sampling period, |
Mi = Totd ionic mass content of the tailings sample, g, and
T = Sampling period, d.

For data interpretation and understanding of various geochemicd interactions within the
tallingswaste rock mass, the term oxidation is used for the oxidation process in sulphide
minerds producing sulphuric acid and dissolved metal sulphates irrespective of a partia or
complete acid neutrdization process and precipitation of gypsum and metal hydroxides. The
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term acidic drainage is used when release of acid and oxidation reaction products, so produced,
occur in the effluent. Thus the tallings or waste rock may be oxidizing at the exposed upper
surface in the columns, but the occurrence of acid drainage may be absent or delayed
depending upon the neutrdizing conditions. Also, acidic drainage is further classfied, for
comparison purposes, as high when pH<2.5, acidity >1500 mg/l, SO,* > 3000 mg/l and Fe >
1000 mg/l, moderate for pH’ sbetween 2.5 -4, acidity 100-1500 mg/l, SO,* 1500-3000 mg/I
and Fe between 100-1000 mg/l, and low when pH is between 4-6, acidity < 100 mg/l SO,? <
1500 mg/l, and Fe < 100 mg/l. Because the effluent is usualy saturated with gypsum, no
distinction is made based on Ca, Mg or Ra226 concentrations. However, al data showed
consstent trends of devated Mg concentrations at the onset of oxidation and acid neutrdization,
and elevated concentrations of Al and Mn with the occurrence of acidic drainage and
accompanied by high concentrations of Fe, SO, in accordance with the effluent Eh-pH phase
dability relaionships (see for example Figures 15-24). This classfication terminology is
frequently used in this report when interpreting column leaching results.

As mentioned previoudy, the totd mill tailings (Control - 1 columns #1-3) produced moderately
acidic drainage with the following characteristic leaching profiles:

pH, Eh and Ec:

During the first year, the effluent pH’s were near neutra to dightly dkadine in the range of ~ 7-8,
dropping to between 2-3 subsequently (Figure 7), with column #2 leading in dl parametric
changes. Acidic drainage darted with column #2, agpproximatdy sx months dfter the
implementation of batch leaching, followed by columns #3 and #1 within a Sx month period
(January-June, 1991). Near the completion of the study period, the column average pH was
goproximately 3. During the entire leaching period, a cumulative total of gpproximately 80 | of
drainage effluent was collected.

The oxidation - reduction potential (ORP) or Eh (normalized to hydrogen eectrode reference,
NHE) increased during the same period from approximately 300 mV to 700 mV a the
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occurrence of the acidic drainage (Fig. 8). It should be mentioned that Eh was measured in
effluent samples, collected over a two week period in open sample bottles, that were well
oxygenated. Nevertheless, Eh was a good indicator of the oxidation stages of iron (Fe” and
Fe"®) whenever oxidation and acidic drainage occurred. Fe in these samples was usudly not

measured because of its oxidation during and after sample collection.

The dectrica conductance, Ec, for Control - 1 tailings increased dightly from approximately
2000 ps to 3000 ps during a six month period of peek acidic drainage and decreased
afterwards to approximately 2300 ps where it was controlled by the dissolution of gypsum
(CaS0,) (see for example Figures 9 and 17). The peak in Ec was associated with increased
acid generation and iron mobility but at moderate rates to impact Ec significantly.

Acidity and Alkalinity:

Figures A-4 and A-5 show, respectively, the total acidity and dkalinity concentration profiles
for Control - 1 tallings. The acidity loading rate, total cumulative acid production and akdinity
loading rate profiles are shown in figures 10-12, respectivdly. The results show very
illugtratively the commencement of acidic drainage and termination of resdud adkainity in the
effluent at the beginning of 1991, again with column #2 leading in acidic drainage, followed by

columns #3 and #1, in that order.

The column average acidity initialy increased with time and pesked with a maximum acidity of
approximately 1500 mg CaCO,/l for a period of sx months, afterwards decreasing dowly to a
level of 500-600 mg CaCO,/l acidity. During the remaining 2.5 year study period when acidic
drainage was occurring, the mean average column acidity generdation rate was caculated as
2100 pg CaCO; acidity/kg of tallings/day. During the same period, a cumulative totd of ~ 3%
of the maximum potentia acidity was produced/removed from the Control - 1 tailings. For
comparison, the average acid generation rate and cumulative acid production for coarse tailings

(Control #2, columns #16 and 17), reported later in this report, were: 70,000 pg CaCoO;
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acidity/kg talinggday and 58% of the maximum acidity generation potentid of the talings,
repectively. The totd mill tailings, because of their homogeneous particle size digtribution, were
gpproximately 30 times less acid generaing than coarse tailings.

Prior to the onst of the acidic drainage, the column average dkdinity of the effluent was
approximately 25 mg/l corresponding to a daily average akalinity loading rate of approximately

100 pg CaCo, dkdlinity/kg of talings'day.

Sulphate and Iron:

The dissolved SO,? and totd iron concentration profiles for Control - 1 tota mill tailings are
shown in Figures A-6 and A-7, respectively. Figures 13-16, show respectively, SO, loading
rate, cumulative SO, production, total iron loading rate and cumulative total iron production
characterigtics.

Similar to Ec, the effluent SO, concentrations were controlled by gypsum dissolution and there
was a dight increase in dissolved SO, concentration near the pesk acidic drainage period
(Figure A-6). The change was again most pronounced and occurred first in column #2. The
column average SO, loading or production rate increased from gpproximately 500 g SO,?/kg
tallings/day to 6000 pug SO,?/kg talingsday with the acidic drainage (Figure 13), having a
column mean average SO, loading rate of 5500 pg SO,?/kg talings/day for the entire four year
leaching period. During that period, goproximately
8.4 g SO,%kg talings of totd sulphur as SO, or 8% of the totd sulphur contained in the
tallings mass was leached and removed, mogt of it resulting from the dissolution of gypsum
associated with the tailings. This total sulphate production represented approximately 21% of
the soluble SO, content of the talings.

Prior to the onset of acidic drainage, the dissolved iron concentrations were very low (below
detection) which increased rapidly to 100-150 mg/l column average range during the maximum
acid generation period, and decreased to 20-30 mg/l range thereafter. The column averageiron
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loading rate during the same period was gpproximatdy 100 pg Felkg talinggday with a
maximum production rate of 400 pug Fekg tallings/day. During the acidic drainage period,
approximately 0.082 g of Felkg tailings or 0.33% of the totd iron contained in the taillings was
removed. Near the end of the study period, the iron production/remova rates from dl the three
columns were low, ~ 15 pg Felkg tallings/day for the three columns.

Calcium and M agnesium:

Figs. A-8 and A-9 show, respectively, dissolved calcium and magnesium concentration profiles,
and figures 17-20, show cadcium loading, cumulative cacium removd, magnesium loading and
cumulative magnesium remova characterigtics, respectively, for the totd mine tailings.

Similar to Ec and dissolved SO,?, the dissolved cacium concentration of the drainage effluent
was controlled by gypsum dissolution. The effluent was saturated with respected to gypsum (~
550 mg/l Ca) for theinitid two year period, decreasing dowly to column average concentration
range of 300-400 mg Call. During the pesk acidic drainage period, no noticegble increase in
cacium concentration was observed because of gypsum saturation. The column average
cacium loading or remova rate was gpproximately 1500 pg Calkg tallingsday. During the
entire study period, gpproximatdy 2.33 g Calkg tailings or 13.6% of the total calcium contained

in the tailings was removed.

The effluent magnesum concentration increesed dowly from an average of 3 mg/l to
agoproximately 30-40 mg/l with oxidation and acid generation. As mentioned previoudy,
dissolved Mg concentration in the effluent was a good indicator of the initiation of oxidation/acid
generation and neutraization processes as the solubilities of MgSO, and MgSO,.7H,O were
high, approximatdly 260 g/l and 710 g/l, respectively. In Column #2, for example, the Mg
concentration in the drainage effluent started to increase dowly at least four to Sx months prior
to the occurrence of the acidic drainage (Figures A-9 and 19). The column average magnesium
loading was in the range of 100-150 pg/kg tailings per day in the acidic effluent. The observed
Mg concentrations and loading were farly uniform over a period of approximately two years,
which suggested ongoing neutrdization process. During the entire oxidation/acid generation
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period, approximately 0.12 g of Mg per kg of talings or 14% of the tota amount of Mg
contained in the tailings was removed. The totad amounts of Ca and Mg removed, as a

percentages of the tailings contents, were comparable.

Initidly for the first 2 to 3 weekstrid period, columns #1-15 were washed daily with 200 ml of
natura lake water (1 1 per week) instead of 100 ml used afterwards, which resulted in increased
loading and removad of Ca Mg and SO,% a seen from Figures 13,
17 and 19.

Aluminum and M anganese:

Figures A-10 and A-11 show, respectively, the duminum and manganese concentration
profiles, and Figures 21-24, show respectively, loading and cumulative remova characterigtics
for duminum and manganee. These profiles were amilar to those for column acidity and
magnesium, where both concentrations and loading increased with acid generation and drainage.

In the acidic effluent, the column average Al concentration and loading were in the range of 60
or 80 mg/l, and 200-250 pg Al /kg tallings/day, respectively. During the totd acidic drainage
period, approximately 0.17g Al /kg tailings or 0.6% of the totad amount of auminum contained
in the talings was only removed. The cumulaive percentile removd of Al and Fe were
comparable.

The column average Mn concentration and loading rate were in ranges of 2-3 mg/l, and
510 pgkg talinggday, respectively. During the acidic drainage period monitored,
approximately 6.4 mg of Mn/kg of tailings or 27% of totd Mn contained in the tailings was
removed. The cumulative remova of manganese was thus sgnificantly grester than those of Al

and Fe.

Uranium, Thorium and L ead:
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The leaching characterigtics of uranium, thorium and lead are shown in Figures A-12 to A-13,
respectively, for effluent concentrations, in Figures 25, 26 and 28, respectively, the loading
characterigtics of U, Th and Pb, and in Figure 27, the cumulative production/ remova
characterigics of Th.

The uranium concentrations in the effluents were near detection limit of ~0.2 mg/l and no
ggnificant changes were observed with the acidic drainage. Because of such low uranium
concentrations, the caculated |oading rates were dso very low, ~ 0.75 g U/kg tailings/'day, and
the data were not processed further in calculating cumulative uranium production/removal.

The column average effluent concentrations of Th showed similar characterigtics to that of total
iron, increasing from very low (below detection) levels to pesk concentrations of gpproximately
6-8 mg/l with the onset of acidic drainage and decreasing dowly afterwards to 2-4 mg/l range.
The columns average Th loading rate was approximeately 15 pg Th/per kg tallings/day during the
acidic drainage period. Within the same interval, gpproximatey 13.7 mg of Th per kg of
tailings, or 4.4% of tota thorium contained in the tailings was removed.

The effluent lead concentration and loading profiles were smilar to those of Al and Mn,
increasing from very low (below detection) to approximatdy 2 mg/l and 5 pg Th/kg tallings/day
with the occurrence of acidic dranage.  During the acidic dranage period, Pb
production/remova was calculated as gpproximately 4.6 mg Po/kg tailings or 1.5% of totd Pb
contained in the tailings.

Other Metals, Ce, Cu, Ni and Zn:

The effluent concentrations and leaching profiles were measured for Ce, Cu, Ni and Zn but
because of their low concentrations in the tailings mass, the data were not processed in greater
details. Tables A-1 and A-2, together with other parameters, give the concentration and
loading results for these metals. The generd leaching characterigtics of these metals were dso
very smilar to those of Fe and Al, where the concentrations and effluent metal loadings
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increased with the onset of acidic drainage, peaked, and decreased dowly afterwards to low
but detectable levels.

Ra-226:
The Ra-226 leaching characteristics of Control - 1 tailings are shown in Figure A-15 for
concentration (activity), and in Figures 29 and 30, respectively, for effluent loading rate and

cumulative Ra production/remova.

The data, both for effluent Ra226 concentration and loading, showed very interesting
characterigtics of increased Ra-226 leaching at the initiation of the batch leaching schedule,
where the parameters increased by 4 to 5 folds, pesked individudly for each column and then
decreased dowly (see Figure A-15 and 29). The initid column average Ra-226 concentration
was in the range of 200-500 mBg/l, with oxidation and acid generdtion it incressed to a
maximum of 3000-3500 mBq/l (average ~ 1800 mBq/l) and decreased dowly to 500-1000
mBg/l range. Unlike the acid generaion order of the columns, increased Ra-226 drainage
started with column #1, followed by columns#2 and #3, in that order (Figure 29).

Similar to the effluent concentration profiles, the column average Ra-226 loading increased from
alow of gpproximatdy 1.5 mBg/kg tailings per day to a maximum of 10 mBg/kg talings/day
(average ~ 6 mBg/kg tallinggday), then decreased dowly to 2-4 mBg/kg tailingsday range.
Similar to Ca, Mg and SO,?, Ra-226 loading were dso high for the first few weeks when the
columns were flushed with double the volume of naturd lake water (200 ml).

During the entire study period, gpproximatdy 6200 mBq Ralkg tailings or only 0.08% of tota
Ra-226 contained in the total mill tailings was removed, most of it resulting from oxidation and
acidic drainage.

The results dso showed that for totd mill tailings, the dissolved Ra-226 concentrations in the
effluent did not correlate with those of Ca and SO,?, but with the oxidation/acid generation
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reection products. These observations will be further examined for other tailings and waste
rock, and for different leaching conditions.

3.3.1.1.2 Group 1: Total Mill Tailings mixed with 7.5% Limestone (w/w) of

Various Grain Sizes (Columns #4 - #15)
The leaching characterigtics of columns #4-15, containing tota mill tailings mixed with 7.5%
(w/w) limestone of various screen sizes, from coarse (-6.3 mm) to wet ground and pulverized,
were generdly smilar in trends for individua parametersin each limestone Sze category. During
the entire study period, of approximately four years, none of these columns produced any acidic
drainage.

During the monitoring period, each column received an average of 114 | of naturd lake water
for leaching/flushing purposes, producing a cumulaive column average drainage volume of
approximately 73 |, and the balance resulting in evaporation. This drainage volume represented
an infiltration depth equivaent of gpproximatdy 1084 mm of annud precipitation.

Figures B-1 to B-16 (Appendix B) show respectively, the drainage effluent pH, Eh, Ec, totd
acidity, total akalinity, and concentrations of dissolved SO, ?, Fe, Ca, Mg, Al, Mn, U, Th, Pb,
Ra-226 and cumulative effluent volume, for totd mill tailings mixed with 7.5% coarse limestone
(screen sze -6.3 mm, columns #4-6). The corresponding parameters, expressed as effluent
loading rates and cumulative mass productions/removals, for columns #4-6 are shown in Figures
32-51. Because of the abisence of acidic drainage, the effluent contained only appreciable
amounts of SO,?, Ca, Mg and Ra-226. Thus the cumulative mass remova characterigtics are
only shown for these parameters in Figures 38, 41, 43, and 50, following the corresponding
loading rate figures, respectively.

Similarly, Figures C-1 to C-16 (Appendix C) and 52-71, show the corresponding parameters
for tota mill tailings mixed with 7.5% medium sze limestone (-24 mm sze, columns #7-9),
Figures D-1 to D-16 (Appendix D) and 7291, for fine gze limestone
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(-0.84 mm size, columns #10 -12), and Figures E-1 to E-16 (Appendix E) and 92-111, for wet
ground and pulverized limestone (columns #13-15), respectively.

The leaching characteritics of al the above sub-groups, each group belonging to a different
limestone screen Sze category (e.g. columns #4-6 for coarse limestone), were smilar for
individua parameters measured as seen from the respective figures for each category. No
acidic drainage was observed from any of the above sub-groups, as the effluent pH was neither
acidic nor it contained dissolved iron or other metals, mobilized as a result of oxidation and acid
generation (Figures B-7, C-7, D-7, E-7). The results were thus grouped together and are

presented ensemble.

pH, Eh and Ec:

For dl columns, the initid effluent pH was near neutrd to dightly dkaine, in the range of ~ 7-8,
which decreased dowly during the first year to pH ~6, and increased gradudly afterward to pH
~8 (Figures 32, 52, 72 and 92). In few ingtances, some columns and particularly columns #8
and #11, produced low pH, ~ 4-5, effluents for a period of 3 to 4 months (Figure 52 and 72),
followed by a gradua increase in pH to near neutra. This occurrence was limited to the initid
one and a hdf year period when the columns were mostly rinsed/flushed daly with 100 ml of
natura lake water. During that period, it was observed that these two columns (#8 and #11)
were draining very dowly, occasondly forming a permanent water pool on top of the tailings.
Usudly a vacuum suction was gpplied a the drainage tube to induce column drainage for
sampling and to remove any blockage in the flow path. This procedure dleviated the problem
but introduced additiond air within the tallings, probably cregting some channeling and limited
oxidation aong the flow paths. After the introduction of the batch leaching schedule, no such

problems were encountered.

Not withgtanding, the occasond drop in pH in few columns, generdly the pH increased with
time in dl columns, and after the second year in the study, the drainages were dightly akaine
having pH’s on the order of ~ 8, irrespective of the particle Sze of the added limestone.



Report Lit

1-44

The effluent redox potentid, Eh, increased with time steadily from an average of 300 mV at the
beginning to a range of ~ 500-600 mV with the implementation of the batch leaching schedule.
These Eh’'s were, however, lower than those for columns #1-3, which were in the range of ~

700-800 mV and where active oxidation and acid drainage were taking place.

The dectrica conductance, Ec, of the effluent decreased initidly with time during the first year,
from approximately 3000-3500 puS/cm to 2000-2200 uS/cm, and remained constant afterwards
it a the latter value . These values were smilar to those for columns #1-3, and no effects of
limestone addition or its size were observed on the eectricd conductance. Ec was primarily
controlled by gypsum dissolution and its nearly saturated concentration.

Acidity and Alkalinity:

Initidly for the firg two years, the effluents from al columns containing limestone had an average
total acidity in the range of 20-30 mg/l, which peaked for some columns to 50-80 mg/l during
the first year, and decreased gradually to zero afterwards, (Figures B - 4, to C, D, and E - 4).
After goproximady two years, the columns were producing dightly dkdine effluents having
total dkainities in the range of ~50-60 mg/l. For columns #4-6 containing coarse limestone, the
dkdinity values peaked to gpproximatey 100-120 mg/l range, where as in the other column
sub-groups, the total akainities gradualy increased with time (FiguresB - 5t0 C, D, E -5).

The increased dkdinity was aso associated with the corresponding increase in Ca and Mg
concentrations, probably as a result of oxidation, acid generation and neutraizing processes
within the talings-limestone mixtures, thereby introducing additional carbonate/bi-carbonate
akdinity to the effluents. This phenomenon was more pronounced for columns #4-6, where
akadinity generation rates were observed higher at ~ 300-400 pg CaCO/kg talingsday than
those for other columns a ~ 100-200 pg CaCOs/kg talingsday, as seen from Figures
36,56,76, and 96. In total mill tailings without limestone amendment (Control -1 columns #1-3),
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such an initid dkdinity was rgpidly consumed with the production of acidic conditions in the
talings.

The column average acid generation or loading rates for dl columns were low, approximately
50-60 pug CaCoO, acidity/kg of talings/day, approximately corresponding to 36 mg CaCOs/per
kg of totd acidity production/removad during the entire leaching sudy. This vdue is to be
compared with the tota acid generation potential of 61.9 g/kg talings (kg CaCOs/tonne

tailings).

Sulphate and Iron:

The sulphate concentration profiles for columns #4-15 are shown in Figures B-6, C-6, D-6,
and E-6, and effluent loading rate and cumulative removal in Figures 37, 38, 57, 58, 77, 78, 97,
and 98, respectively, for the four sub-groups containing various mixtures of total mill tailings and
limestone. For dl columns, the effluent sulphate concentrations were nearly condant in the
range of 1200-1600 mg/l, and were controlled by the solubility of gypsum contained/produced
inthetallings. The column average sulphate remova/loading rates were gpproximately 5000 g
SO,?/kg tailings/day throughout the experimenta period. During that time, gpproximately 7.8 g
of SO,? per kg of tailings or a column average of ~ 8.6% of total sulphur (as SO,? contained
in the tailings limestone mixture was removed. This cumulative sulphate loading was comparable
to that for the Control-1 tailings.

The iron concentration and effluent loading profiles are shown in figures B-7, C-7, D-7 and E-7
and 39, 59, 79 and 99, respectively, for the four different groups of columns. As mentioned
previoudy, the dissolved iron concentrations in the effluents were very low (below detection) to
0.2 mg/l range, except for occasond high vaues of ~ 0.5 - 0.6 mg/l for Column #11 for
reasons mentioned above. The column average iron loading rates were practicaly zero (less
than 0.05 pg Felkg tallings/day). The effluents from these columns were thus classified as non

acidic drainage derived.
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Calcium and Magnesium:

Figures B-8 and 9 to C, D and E-8 and 9, show respectively, the effluent concentration profiles
for cdcium and magnesum for the four sub-groups. The corresponding loading rate and
cumulative mass production/remova profiles for Ca and Mg are shown in Figures 40-43, 60-
63, 80-63 and 100-103, for the four groups of columns, respectively.

The column average cacium concentrations, smilar to sulphate, were nearly congant for the
first three years, in the range of ~ 500 - 600 mg/l, where the were saturated with respect to
gypsum. In the fourth year, Ca concentrations decreased to approximately 400-500 mg/l
range. The corresponding cacium loading rates were in the range of ~ 1500-2000 pg Calkg
tallings/day, having a column average loading rate of gpproximately 1800 g Calkg tallings/day
for al column sub-groups. During the four year study period, an average of approximately 2.8
g Cakg talings or 5.7% of totd cdcium contaned in the talingslimestone mixture was
removed. This corresponded to remova of gpproximately 22% of the tota gypsum contained
inthetallings.

The effluent magnesum concentrations were initidly low, in the range of ~ 2-4 mg/l for the first
two years, which gradudly increased in the third year to pesk concentrations of gpproximeately
10-20 mg/l and leveled to a column average range of ~ 8-10 mg/l. The onset of increased Mg
in the drainage effluent appeared earlier for columns #4-6 and #7-9 containing coarse and
intermediate Sze limestone, respectively, than for Columns 10-15 which contained fine or
pulverized limestone. Also the average Mg concentrations were higher in effluents from column
#4-6 than from other column sub-groups.  This indicated an early oxidation in the sub-group
containing coarse limestone, but the acid neutralization was complete and acidic drainage was

prevented.

For dl columns, the columns average effluent loading or removal rates for Mg were in the range
of ~40-60 ug Mg/kg tailings/day, with columns #4-6 having the highest rates. During the period
of increased Mg drainage (last 2.5 years of the study), an average of approximately 36.5 mg
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Mg/kg of tallings/day or 3.3% of tota magnesum contained in the tailings and limestone mixture

was removed.

Aluminum and M anganese:

The duminum and manganese leaching characteristics are shown, respectively, in Figures B-10
and 11 to C, D, and E-10 and 1, for concentration profiles, and in Figures 44, 45, 64,65 84,
85, 104, and 105, for effluent loadings for the four sub-groups, respectively.

Smilar to iron, the effluent duminum concentrations were very low, in the range of
~0.1- 0.2 mg/l, with corresponding low, < 1 ug Al/kg taillings/day, loading rates.

The effluent Mn concentrations varied with the column sub-groups, from a low range of 0.05 -
0.1 mg/l for columns #10-12 and #13-15, to arange of ~ 0.1 - 0.4 mg/l for columns #4-6 and
#7-9. Appreciable amounts of Mn in the drainage effluents were only detected for columns
containing tailings mixed with coarse limestone, where Mn concentration pesks were dso
obsarved in the third year of the sudy. For other columns, Mn concentrations gradualy
increased with time during thet period. The column average Mn loading rates were only
ggnificant for columns #4-6, at gpproximately 1 pg Mn/kg talings per day. These results were
congstent with other observations, where an early stage of oxidation was indicated in limestone

amended tailings, which was more pronounced for the coarse limestone sub-group.

Uranium, Thorium, L ead and Other M etals:

The effluent concentrations of U, Th, Pb and other metals: Cu, Ce, Ni and Zn were below
detection to very low for dl columns and there were no dgnificant concentration trends.
Consequently, the data were not further anadlyzed. For leaching characteridtics, the reader is
referred to Figures B-12 to 14, to C, D and E-12 to 14, for concentration profiles and to
Figures 46-48, 66-68, 86-88 and 106-108, for loading profiles, respectively, for U, Th and Pb
for the four tailings-limestone sub-groups.

Ra-226:
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The Ra-226 leeching profiles for totd mill tailings mixed with different Szed limestone are shown
in Figures B-15, C, D to E-15, for concentrations and figures 49, 50, 69, 70, 89, 90, 109, and
110 for effluent loading rates and cumulative productions'removas of Ra-226, for dl tallings
limestone sub-groups.

Initidly for the first year, the effluent Ra-226 concentrations were nearly congtant for the al sub-
groups, averaging in the range of 300-500 mBg/l. At the introduction of the batch leaching
schedule, Ra-226 concentrations increased in effluents from al columns, for about six months,
with characteristic peak concentrations in the range of ~ 1800-2000 mBg/l. The concentrations
decreased afterwards to nearly constant values, between 600-800 mBg/l. These trends were
samilar to those for the Contral -1 tailings without additiona limestone, and were indicative of a
very early oxidation in limestone amended tailings.

Smilar leaching trends were observed for effluent Ra226 loading profiles for dl columns,
having pesk and column average loading raes of approximady 6 mBq
Ra-226/kg tallinggday and 3 mBq Ra-226/kg talings/day, respectively. During the complete
study period, the column average cumulative loading or total production/remova of Ra-226 was
cdculated as ~ 4660 mBg/kg tailings or 0.06% of tota Ra-226 contained in the talings-
limestone mixtures. The cumulative remova of Ra-226 was very smdl and comparable to that
for Control -1 tailings without limestone amendment, where it was caculated as 0.08%.

Also smilar to Control -1 tailings, no correlations were observed among the effluent Ra-226
and dissolved Ca, Mg or SO, concentrations. The effluent concentrations of these ions were
gill controlled by gypsum dissolution, but its contribution to total Ra-226. leachability could not
be established from the observed leaching profiles.

3.3.1.2 Group 2 Un-oxidized Coarse Tailings
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3.3.1.2.1 Group 2: Control -2, Un-oxidized Coar se Tailings Without
Limestone Amendment (Columns#16 and 17)

In Group 2 column leaching experiments, the coarse tailings without additiond limestone
(Control - 2, columns #16 and 17) oxidized rapidly producing highly acidic drainage
(as defined previoudy) soon after and within two months of the introduction of the batch
leaching schedule. The detailed leaching characterigtics are shown in Figures F-1 to F-16 for
concentration profiles, and in Figures 112 to 137 for effluent loadings and cumulative mass
production/remova profiles, respectively. Similar to the Group 1 - totd mill tailings, the results
are discussed for the following parameter categories.

pH, Eh and Ec:
Figures 112 to 114 show, respectively, the variations of pH, Eh and Ec with time for Control -

2 talings. Initidly, during the first year, the column effluent pH's were dightly akaine a ~ 8,
which decreased to <3 within one to two months after the implementation of the batch leaching
schedule, and within Sx months decreased further to column average effluent pH's of
aoproximately 1-2. The effluents continued to drain a very low pH’s which increased very
dowly to ~ 1.8 near the end of the fourth year (Figure 112). These pH’swere 1 to 2 orders of
magnitude lower than those of the Contral - 1, total mill tailings. During the four year sudy
period, a column average cumulative total of 81 | of drainage effluent was collected for each
column. During the same period, each column had received, on an average, of gpproximately

104 | of naturd lake water for leaching/rinsing purposes.

During the first year, the Control -2 effluent Eh’s were practicaly congtant, within 350-450 mV
range when the columns were draining a near neutrd to dightly dkdine pH's. With the
introduction of the batch leaching schedule and a the onset of acidic drainage, the Eh's
increased rgpidly to arange of ~ 680-700 mV within few months and remained congtant &t the
high range where low pH and highly oxidized conditions prevailed through to the rest of the
experimental period (Figure 113).
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The effluent dectricd conductance, Ec, dso increased rapidly with the occurrence of the acidic
drainage in the second year, from column average low Ec in the range of ~ 500-1000 ps/cm to
gpproximately 50,000-55,000 ps/cm range pesk conductance. Afterwards, it gradudly
decreased to ~ 20,000 ps/cm level (Figure 114).

Although the Group 2 tailings experiments were conducted in duplicates, both columns #16 and
17 exhibited remarkable smilarity in the observed leaching profiles for the measured parameters
eg. pH, Eh, Ec, etc., al of which indicated savere oxidation and acidic drainage for the Control
- 2 talings. The results dso indicated that in coarse tailings without limestone amendment there
was very little resdud carbonate or slicate buffering present and the acidic drainage occurred

ealy.

Acidity and Alkalinity:

The acidity and dkdinity profiles for Control- 2 tailings are shown, respectively, in Figures 4
and F-5 for concentrations, in Figures 115 and 117 for effluent loading rates, and in Figures
116 for cumuletive acidity production/removal..

With the onst of the acidic drainage after the first year, the effluent acidity increased very
rgpidly from zero (very low) to peak concentration of approximately 25,000-30,000 mg
CaCOg/l within the first few months. It decreased dowly afterwards to a column average
acidity range of ~ 12,000-15,000 mg CaCQOs/l (Figure F-4). The acidity loading profiles
showed smilar results, increasing from 200 to peak loading rate of approximately 120,000 ug
CaCO; /kg talinggday, and decreased gradudly to ~ 50,000 pg CaCOs /kg talings/day
(Figure 115). During the three year acidic drainage period, a column average effluent
production/remova (loading) of tota acidity was cdculated as 76.7 g CaCO; /kg talings or
goproximately 58% of totd add generdtion potentid of coarse talings
(Contral - 2). As mentioned previoudy, the Control - 2 tailings were producing acidic drainage
with total acidity loadings at arate 30 times higher than that for Control - 1, total mill tailings.
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Prior to the onset of the acidic drainage, the Control - 2 tailings were producing dightly adkaine
effluents with a column average akalinity of gpproximately 150 mg/l CaCO; and a dkdinity
production rate of ~ 500 pg CaCOs /kg tailings per day, which decreased to zero with the
occurrence of the acidic drainage (Figures F-5 and 117). As with other tailings, the akdinity
was produced by the increased dissolution of the resdual carbonate minerds eg. CaCO,
(calcite) and MgCO; (Dolomite) contained in the talings, which provided the initid acid
neutrdization. The rgpid acidic drainage indicated that these mineras were present only in very
smdl quantities in Control - 2 tailings, and were either consumed fully or unavailable for further
acid neutraization.

Sulphateand Iron:

The dissolved SO, and total dissolved iron concentration profiles for Control -2 coarse tailings
are shown, respectively, in Figures F-6 and F-7. Figures 118-121, show, respectively, SO,2
loading rate, cumulative SO, production/remova, tota dissolved iron loading rate and
cumulative tota iron production/remova characterigtics.

Similar to Ec, the effluent sulphate concentrations increased from a low range of ~ 500-1000
mg/l prior to acidic drainage to peak concentrations of ~ 25,000-30,000 mg/l in the acidic
effluent, and then decreased dowly to ~ 12,000-15,000 mg/l range (Figure F-6). The
corresponding column average effluent SO, loading rates were approximately 110,000 pg
S0,?/kg tailings/day during the peak acidic drainage period and ~ 60,000 - 80,000 pg SO
%Jkg tailings/day afterwards (Figure 118 and 119).

During the three year period for which acidic drainage was monitored, the column average
effluent sulphate loading rate was calculated as ~ 80,000 pg SO, 2/kg talings/day, which
corresponded to a cumulative effluent SO, productionremova of ~ 87.9 g SO,?/kg of talings
or ~ 67% of tota sulphur contained in the coarse tailings. More than 95% of this totd sulphur
removed resulted from the oxidation of pyrite contained in these tailings.
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Prior to the acidic drainage, the dissolved tota iron concentrations in the effluents were very low
, < 0.3 mg/l, which increased to peak concentrations in the range of ~10,000-12,000 mg/l at
the onset of acidic drainage and then decreased dowly to 5000-7000 mg/l range near the end
of the study period (Figure F-7). During the same period, the column average effluent loading
rate of dissolved iron was approximately 40,000 pg Felkg talings/day near the pesk acidity
period, and decreased gradually to arange of ~ 15,000 - 20,000 ug Fe/kg tailings/day near the
end of the study period, corresponding to an average iron remova rate of approximeately
25,000 pg Felkg talings/day for the entire acidic drainage period ((Figure 118). During that
time, an average of goproximately 27.4 g of iror/kg tallings was removed from eech of the
Control -2 columns, which corresponded to a production/remova of ~ 67.7% of tota iron

contained in the coarse tallings.

The cumulative percentile mass productions/removass for tota iron and sulphur for Control -2
tallings were very comparable, indicating good correlaion between Fe and S oxidations as well

asthat of ionic mass baance in solid and effluent samples.

Compared to Control -1 total mill taillings, the total iron mohilization (%) in Control -2 coarse
tallings was approximately 210 times greeter. Because the sulphate removal rate in the former
tallings was controlled by gypsum dissolution, the cumulative total sulphur mobilizetion, as a
result of oxidation in the two tailings, was not comparable.

Calcium and M agnesium:

The cdcium and magnesium leaching profiles for Control -2 talings are shown, respectively, in
Figures F-8 and F-9, for concentrations, and in Figures 122-125, respectively, for calcium
loading rate, cumulative cadcium removd, magnesum loading rae and cumulaive remova

characterigtics of magnesum.

The effluent calcium concentrations increased gradually from gpproximately 100 mg/l a the Start
of the leaching experiment, to peak concentrations of ~ 600 mg/l upon the implementation of the
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batch leaching schedule and just before the onset of the acidic drainage. In the acidic drainage
period, the calcium concentrations rapidly decreased, and within a year were in the range of ~
10-20 mg/l, and less than 10 mg/l afterwards (Figure F-8). During the same period, the column
average effluent loading/removd rate for cacium increased from gpproximately 200-300 g
Calkg talingg/day to maximum of 2500-3000 ug Calkg tallings/day, and then decreased rapidly
to less than 40 pg Calkg talings/day (Figure 122). This corresponded to an estimated column
average cacium remova of gpproximately 0.76 g Calkg tailings, or 19% of the total amount of
cacium contained in Control -2 tailings during the entire study. period.

These resultsindicated that in the coarse tailings without additiona limestone, the oxidation, acid
generaion and neutralization processes sarted very early in the experiment and acidic drainage
occurred upon consumption of the available dkainity. Because the totd acid neutrdization
potentiad and resdud gypsum content of these talings were smadll, ~ 2.7 kg CaCOsftonne
(0.1% Ca) equivaent carbonate akalinity and 0.6% (0.17% Ca) gypsum as CaSO,
respectively, the gypsum dissolution and removal rates were controlled by acid generation and
neutraization kinetics in the present experiments.  Taking the initid (prior to acidic drainage)
cdcium production/remova rate of ~ 250 ug Calkg taling/day as solubility contribution of
origind gypsum residue in the talings, the additiona limestone neutrdization and cacium
remova was caculated as 0.60 g Calkg of tailings or approximately 60% of totd limestone
contained in the tailings. Thusin the coarse tailings, the acidic drainage occurred before the full
consumption of the available limestone akainity, dthough, the later was only present in a small

amount.

Smilar to cacium, the effluent magnesium concentrations aso increased gradudly, from an initia
range of ~3-5 mg/l a the beginning of the leaching experiment, to pesk concentrations of
approximately 30 mg/l near the onset of the acidic drainage. In the acidic effluents, magnesium
concentrations decreased dowly to gpproximatdy 5 mg/l in the fourth year of the study (Figure
F9). During the same period, the column average effluent loading/remova rates for magnesum
increased from gpproximately 10-20 pg Mg/kg talings/day to a maximum of 120 ug Mg/kg



Report Lit

1-54

talling/day, and decreased gradudly to 10-20 ug Mg/kg talings/day range near the end of the
sudy period (Figure 124). The cdculated column average cumulaive magnesium
production/remova was approximately 0.077 g Mg/kg talings or 13% of totd magnesum
contained in the coarse tailings. Although magnesum was easly mohilized in the oxidation and
acid generaion processes, its remova rate was smdl even under severe acidic conditions,
probably because of the type of minerdization and its availability/digtribution within the host

rock.

Aluminum and M anganese:

Figures F-10 and F-11, show respectively, the effluent auminum and manganese concentration
profiles and leaching characterigtics of Control -2 tailings. The corresponding auminum and
manganese loading rate profiles are shown in Figures 126 and 128 and cumulative mass
removal characteristics in Figures 127 and 129, respectively.

For Contral -2 tailings, the duminum leaching profiles were smilar to those for iron, in both
cases the ionic mobility was directly related to the onset of acidic drainage. Prior to acidic
dranage, the effluent duminum concentrations were very low, in the range of
~ 0.02-0.3 mg/l, which increased with the acidic drainage by many orders of magnitude to peak
concentrations  of approximatedy 500-600 mg/l. In the acidic effluent, the aduminum
concentrations decreased very rapidly over a short period of time (within Sx months) to
approximately 100 mg/l, and thereafter decreased very dowly (Figure F-10). The effluent Al
loading rate profiles were dso sSmilar, with column average peek Al loading rate of ~ 2000 ug
Al/kg tailings/day, which decreased afterwards to ~ 200-500 ug Al/kg tailings/day range (Figure
126). During the entire acidic dranage period, the column average cumuldive
production/removad of duminum was gpproximately 0.46 g Al/kg talings or 1.76% of totd
auminum contained in the coarse tallings. Unlike iron and because of the dumino- slicate
matrix, duminum was not easily mobilized. Consequently, pH buffering with the dissolution of
aumino-slicates was not sgnificant in these tallings.
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The leaching characteridtics of manganese resembled those of magnesium, where the ionic
mobility started with the oxidation and acid generation (Figures F-9 and 11). With the acidic
drainage, the effluent manganese concentrations pesked in the range of 3-5 mg/l and then
decreased to 0.5-1.0 mg/l range over a one year period. The corresponding column average
effluent loading rates were gpproximately 18 pg Mn/kg talings/day near the pesk acidic
drainage period and between 2 - 5 pug Mn/kg tailings/day dsewhere (Figure 128). During the
entire sudy period, a column average totd of approximately 6 mg Mn/kg tailings or 21% of
totad Mn contained in the Control -2 coarse tailings was removed. The manganese removals
from both Control -1 and -2 tailings, during the study period, were significant, and in both cases
were significantly greater than that of Al. In Control -2 tailings, the tota remova rate iron was,
however, greater than that of Mn.

Uranium, Thorium and L ead:

The leaching profiles for uranium, thorium and lead ae shown, respectively, in
Figures F-12 to F-14 for effluent concentrations, in Figures 130, 131 and 133 for effluent
loading rates, and in Figures 132 and 134 for cumulative mass remova of thorium and lead,
repectively. For uranium the cumulative mass remova profile was not computed as there some
uncertainty in the measurement of solid phase uranium compostion of the talings, a low
concentration range using an Inductively Coupled Plasma Argon Emission Spectrophotometer
(ICAP-AES), where the minimum detection limit was high, ~ 40 pg/g (0.2 mg/l in solution).

The leaching profiles for both uranium and thorium were quite amilar in their effluent
concentrations and loadings characterigtics, and their mohilities resulted by the acidic drainage.
The effluent pesk concentrations, though very sgnificant a ~ 16 mg/l for U and 135 mg/l for Th,
decreased sharply to very low levels within four to six months of the occurrence of the acidic
drainage (Figures F-12 and 13, and 132 and 133). In both columns #16 and 17, increased Th
concentrations in the effluents were detected four months before U and where Th
concentrations and loading rates were high for alonger period of time. In the acidic effluent, the
column average peek effluent loading rates for uranium and thorium were determined as ~ 60 ug
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U and 550 ug Thikg tallings/day respectively. During the entire acidic drainage period, it was
edimated that gpproximately 7 mg of tota uraniunvkg tallings, and 110 mg of Th/kg tallings or
54% of totd thorium contained in the tailings were removed. Thus for Contral -2 tailings the
thorium mohility was high and comparable to that of iron.

The leaching profiles for lead were very smilar to those for iron, where effluent leed
concentrations and loading rates increased rapidly with the acidic drainage to pesk vaues of
agoproximatey 3 mg/l and 12 pg Po/kg tailings/day, and decreased dowly in the acidic effluent
(Figure F-14 and 133). The caculated column average Pb removal, during the acidic drainage
period, was gpproximately 11 mg/kg tailings or 5% of thetota lead contained in the tailings.

Other Metals, Ce, Cu, Ni and Zn, &tc.:

Similar to Control -1 tailings, the leaching profiles were dso measured for Ce, Cu, Ni and Zn
for Contral -2 tailings, but because of their low concentrations in the tailings, the date was not
processed in greater detail. Their concentrations and loading results are provided in Tables F-1
and F-2 together with other parameters measured.

For coarse tailings (Control -2), the generd leaching characterigtics of these metds (and
presumably other rare earths that were not measured e.g. yttrium, etc.) were similar to those of
iron and duminum, where the effluent concentrations and metd |oading rates increased with the
onset of acidic drainage, peaked and decreased dowly afterwards to low but detectable levels.
The average peak concentrations of these dements in the acidic effluents were significant at: 33
mg/l Ce, 21 mg/l Cu, 10 mg/l Ni and 9 mg/l. The corresponding column average effluent pesk
loading rates were, approximately 150 pg Ce, 88 pg Cu, 45 pg Ni and 40 pg Zn/kg tallings/day .

For Control -2 coarse talings, the Ra226 leaching characterisics are shown in
Figure F-15 for concentration, and in Figures 135 and 136 for effluent loading rate and
cumulative Ra-226 removal profiles, respectively.
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Initidly, in the absence of the acidic drainage, Ra-226 was leaching at a high rate with effluent
concentrations in the range of 1400-1800 mBg/l, which increased with the acid generation,
within few months, to pesk concentrations of ~ 5000 mBg/l. Afterwards in the acidic effluent,
Ra-226 concentrations decreased very rapidly, adso within a short period of time, to very low
vaues in the range of 100-200 mBg/l (Figure F-15).

These results are to be compared with Control -1, total mill talings, which contained
approximately twice the amount of Ra-226 in the solid phase (7500 mBg/g compared to 3900
mBag/g for coarse tailings), and where effluent Ra-226 concentrations were in the range of 200-
500 mBg/l initidly, increasing to 3000-3500 mBg/l with the acidic drainage and then decreasing
dowly to a500-1000 mBg/l range (Figure A-15). Thusin the absence of acidic drainage and
before its occurrence, Ra-226 |leachability was higher for coarse tailings than for tota mill
tallings. In the acidic effluent, the case was reversed after Ra-226 concentrations peaked with
the acidic drainage. The data indicated decreased
Ra-226 leachability with the development of severe acidic conditions in Control -2 tailings and
in the absence of gypsum, in contrast to Control -1, total mill tailings, where the acidic
conditions were moderate and gypsum was present in significant amount.

The effluent Ra-226 loading rates were smilar in characteridtics to its concentration profiles,
where the column average effluent loading rate increased from an initia range of ~ 5.7 mBg Ra
226/kg talinggdday to pesk loading rae of gproximady 22 mBq
Ra-226/kg tailings/day, and decreased rapidly to ~ 1-2 mBg/kg tailings/day range (Figure 135).
During the entire study period, a column average of approximatdy 6800 mBg/kg tailings of tota
Ra-226 or only 0.17% of totd Ra226 contained in the coarse tailings was removed. For
Control -2 tailings, the cumulative (%) Ra-226 remova was approximately twice that of Control
-1, totd mill tailings. In the former case, most of the Ra-226 was mobilized prior to and & the
onset of the acidic drainage, wheress in the latter tailings, it was mobilized after the onset of the

acidic drainage.
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While measuring Ra-226 concentrations (activity) using an apha spectroscopy technique, it was
observed that in the acidic effluent, Ra226 and its progeny apha decay pesks were
accompanied by large concentration peaks of Ra223, Ra224 and their progeny, whose
activities were one to two orders of magnitude higher than that of Ra-226. Figure 138 shows a
typica apha energy spectrum of the acidic effluent collected from column #17 near the pesk
acidic drainage period (July 1990), where the apha energy peaks from various radium isotopes
and their progeny, as wel their rdative abundances are clearly seen. It is believed that the
increased drainage of radium isotopes, Ra226, Ra-224 and Ra-223 and their progeny,
resulted from leaching of their corresponding parent thorium isotopes, e.g. Th-230, Th-232 and
Th-229, upon acid generation. With the leaching of Th and Ra isotopes, a new secular
equilibrium was re-established in the drainage effluent samples, which was disturbed by the
differential leaching of various radioisotopes from the solid phase. Such occurrences of
increased Ra-223 and Ra-224 isotopes and their progeny in the acidic porewaters of tailings
were common in the field, as observed by Lim (1988).

Similar profiles for radium isotopes in the acidic drainage were aso observed for other tailings

and waste rock groups.

3.3.1.2.2 Group 2. Un-oxidized and Coarse Tailings Mixed With 7.5% (w/w) Coarse
(-6.3 mm Size) Limestone (Columns #18 and 19)

The coarse tailings mixed with 7.5% by weight coarse limestone of screen sze -6.3 mm (column
#18 and 19), dso oxidized and produced highly acidic drainage but its onset was delayed by
approximately one year in comparison to Control -2 coarse tailings without limestone, where it
occurred soon after the introduction of the batch leaching schedule.  The detailed leaching
characterigtics for columns #18 and 19 are shown in Figures G-1 to G-16 for concentration,
and in Figures 139-164 for effluent loading rates and cumulative mass removd profiles,
regpectively. Similar to Contral -1 tailings, a column average cumulaive tota of 75| of effluent
was collected from each column during the four year study period. During the same period
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each column had recaelved an average of agpproximately 104 | of naurd lake water for
leaching/ringing purposes. The results are discussed below in detail:

pH, Eh and Ec:

Figures 139-141 show, respectively, the variaions of pH, Eh and Ec with time for coarse
tallings mixed with coarse limestone. As mentioned previoudy, these columns were producing
dightly akaline effluents with pH’s ~ 8.0 during the first two years of the gudy. Acidic drainage
started near the end of the second year (April 1991), where the pH dropped from ~8 to ~ 2.5
within a two month period and remained low theresfter. The two columns differed dightly in
thelr effluent characteridtics, with column #19 leading by few months in the occurrence of acidic
drainages as well as accompanied chemical species. (Fig. 139).

Although, the tailings were mixed with an additiond 7.5% coarse limestone (NNP-42.8
kg CaCOs/Tonne), its quantity was, however, not sufficient enough to provide a acid complete
neutrdization for a prolonged period. In comparison to coarse talings without limestone
(Contral - 1), the addition of coarse limestone to coarse tailings prevented acidic drainage for
an extra year. In these talingslimestone mixtures, some acid neutrdization was dill taking
place, as seen from effluent pH’'s and dissolved calcium concentrations, but because of their
high hydraulic conductivities and rapid drainage characteridics, the effluent resdence times in
the tallings were not long enough for complete acid neutrdization and utilization of the available
akalinity in preventing acidic drainage.

Similar to Contral -2 tailings, the effluent Eh's were within 350-450 mV prior to the occurrence
of the acidic drainage. With the acidic drainage, the Eh’ sincreased rapidly to arange of ~ 650-
700 mV, corresponding well oxidized conditions, and remained congtant a these values in the
acidic effluent throughout the experiment (Figure 140). The trangtion in effluent characteridtics

for column #19 was once again early.
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In contrast to the above two parameters, the effluent Ec increased dowly from 400 to 3000
pus'em before the occurrence of the acidic drainage, and then a a higher rate in the acidic
effluent, increasing from gpproximately 3000 ps/cm to a peek range of ~ 8000-10,000 ps/cm.
Towards the end of the study, the effluent Ec decreased to a column average of ~ 6000 ps/cm
(Figure 141). For Control -2 tailings, the corresponding Ec vaues were 3 to 6 times higher,
indicating that for coarse tailings-coarse limestone mixture, there was an ongoing acid

neutraization and the effluent was saturated with respect to the gypsum.

Acidity and Alkalinity:

The acidity and akalinity profiles for coarse tailings mixed with coarse limestone are shown in
Figures G-4 and G-5 for concentrations, in Figures 142 and 144 for effluent loading rates, and
in Figure 143 for cumulative acid production/remova characterigtics, repectively.

Prior to the onset of acidic drainage during the first two years, the effluent acidities were zero.
Acidities increased very rapidly with the acidic drainage, and within few months, were in the
range of ~ 5000-6000 mg CaCOs/l, and continued to increase for the next two years to a
column average peak acidity of ~ 12,000 mg CaCOs/l, and decreased afterward to ~ 4000 mg
CaCOg/l near the end of the study period (Figure G-4). These acidities were lower by factors
of 3-4 than those for Control -2 tailings.

The acidity loading profiles showed similar results, increasing from zero to a pesk vaue of
approximately 40,000 - 60,000 pg CaCO, acidity/kg talinggday, then decreased to
~ 20,000 pg CaCO; acidity/kg tailings/day near the end of the study period (Figure 142).
During the acidic drainage period of approximatdly two and a quarter year, lagting till the end of
the study, a column average acidity load of the effluent was calculated as 20.5 g CaCOs
equivaent acidity/kg tailings or gpproximately 17% of the tota acid generation potentid of the
coarse tailings and limestone mixture. Because of a shorter acidic drainage period and available

limestone buffering, the totd acidities produced by such tailings - limestone mixtures were
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goproximately 3 to 4 times less than those for
Control - 2 tailings during the study period, as observed earlier for effluent acidities.

As mentioned previoudy, the added 7.5% limestone was not stoichiometrically equivalent to the
maximum acid generation potential of coarse tailings (118.75 kg CaCOs/tonne). The additiond
dkdinity, which provided a totd neutrdization potentid of 759 kg CaCOs/tonne, was,
however, comparable to the total column average acidity production of 76.7 kg CaCOs/tonne
tallings by Control -2 talings during the entire experimenta leaching period of gpproximately
years (see Section 3.21.2.1). The limestone addition to coarse tailings had thus not only
delayed the onset of acidic drainage by one additiona year but suppressed the production of
additiona acidity by ~ 56.2 kg CaCOs/tonne tallings, or 47% of maximum potentia acidity.
These reaults indicated some initial delay and suppresson of acid generation in tailings mixed
with limestone because of prevailing akaine conditions, as well as acid neutrdization prior to
the occurrence of acidic drainage. As shown below, the total limestone neutrdization achieved
in these tailings was much less.

As seen from effluent cacium concentrations, the drainage effluents from al Group -2 coarse
tallings and coarse tallings-limestone mixtures, columns (#16-21), were initidly unsaturated with
respect to gypsum and before occurrences of substantia oxidation and acid generation
conditions (see for example Figures F-8, G-8 and H-8). With acid generation and its
neutralization, both effluent calcium concentrations and loading rates increased with time until
complete saturation with respect to gypsum and remained congtant thereafter. For both Control
-2 tailings (columns #16 and 17) and coarse tailings - coarse limestone (columns #18 and 19)
groups, the effluent gypsum saturation was observed near the occurrence of the acidic drainage.
Basad on the measured column average effluent cacium loading rate of ~ 2500 pg Cakg
tallings/day for columns #18 and 19, the total acid generation and hence limestone neutrdization
of this sub-group of talingslimestone, prior to acidic drainage, was cdculated as 4.6 g
CaCOg/kg tallings or ~ 6% of tota neutrdization potentia. These results indicated that for

coarse talings mixed with coarse limestone, only less than 10% of the avallable akdinity was
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utilized before the occurrence of the acidic drainage. Thus the neutrdization efficiency of coarse

limestone was very low.

Similar to Control -2 tailings, the coarse tailings - coarse limestone subgroup was aso
producing dightly dkaine effluents a the beginning and prior to acidic drainage with column
average akalinity in the range of 150-180 mg CaCOs/l and an dkainity production rate of
gpproximately 600 pg CaCOs/kg talingsday. The effluent dkdinity decreased rapidly to zero
with the occurrence of the acidic drainage (Figures G-5 and 144), further indicating insufficient
neutraization.

Sulphateand Iron:

The leaching characteristics for coarse talings mixed with coarse limestone for dissolved
sulphate and tota dissolved iron are shown, respectively, in Figures G-6 and G-7 for
concentrations, in Figures 145 and 147 for effluent loading rates, and in Figures 146 and 148

for cumulative mass remova profiles.

The disolved sulphate concentration profiles were very smilar to those for eectricd
conductance, EC's, where during the non acidic drainage period, the sulphate concentration
increased dowly with time, from an initia range of ~ 100-200 mg/l to gpproximately 2000 mg/l.
With the onset of acidic drainage, sulphate concentrations increased gradudly but at a higher
rate to peak concentration in the range of 1200-1600 mg/l over a two year period and then
decreased to 6000-8000 mg/l range near the end of the study period (Figure G-6). The
sulphate loading rate profiles were smilar, increasing from alow range of ~ 2000-5000 pg SO,
%/kg tailings/day to pesk levels of 40,000-50,000 pg SO, %/kg talingsday. During the entire
study period, a column average of gpproximately 28 g of totd sulphatelkg of tailings or 25% of
total sulphur contained in the tallings-coarse limestone mixture was removed. More than 85%

of the sulphur removed resulted from the oxidation of these tailings.
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The iron concentration and loading rate profiles were smilar to those of total acidity, increasing
from near zero to very low vaues prior to acidic drainage, then to pesk concentrations and
loading rates of gpproximately 5000 mg/l and 15,000 pg Felkg talings/day, respectively, with
the acidic drainage, and after a two year period, decreased to ~ 2000 mg/l and 10,000 pg
Felkg tallings/day, respectively (Figures G-7 and 147). During the entire acidic drainage period
monitored, a column average effluent loading and cumulative remova of iron was cdculated as
6.6 g of iron/kg tailings or goproximately 17% of totd iron contained in the tailings limestone
mixture. Because of continued limestone reectivity and acid neutrdization to a certain extent,

the tota amount of iron removed was somewhat less than that of sulphur.

Compared to Control - 2 coarse tailings, the cumulative (%) sulphur and iron removas for
coarse tallings - coarse limestone mixtures were reduced by factors of 3 to 4, resulting from
delayed acid generation and continued limestone neutraization.  Further monitoring of these
columns is required for evauating the impact of coarse limestone in contralling the release of
acidity, iron, sulphate and other oxidation derived reaction products.

Calcium and Magnesium:

The cdcium and magnesium leaching profile for coarse tailings - coarse limestone subgroup are
shown in Figures G-8 and G-9, for concentrations, and in Figures 149-152, respectively, for
cacium loading rates and cumulaive cacium remova, magnesum loading rates and cumulative

remova characterigtics of magnesum.

As mentioned previoudy in the acidity section, the effluent calcium concentrations increased
gradudly from ~100-150 mg/l range a the beginning of the leaching experiments to pesk
concentrations of ~ 580 mg/l near the onset of the acidic drainage. Since then, the calcium
concentrations remained congtant and were controlled by gypsum dissolution (Figure G-8).
During the same period, the effluent cacium loading rates increased gradualy from ~ 300 g
Cakg tallings/day to maximum of 3500-4500
pg Calkg tailings/day (Figure 149). This corresponded to an estimated column average cacium
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removd of 4.3 g Cakg talings, or 12% of total cdcium contained in the talings coarse
limestone mixture during the entire sudy period. In comparison, the cumulaive (%) sulphur
remova was higher because of acidic drainage and lack of adequate neutralization.

Similar to cdcium, the effluent magnesum concentrations aso increased, & first dowly from an
initid 3-5 mg/l range a the beginning of the leaching experiments, then rapidly to pesk
concentrations of ~ 80 mg/l near the occurrence of the acidic drainage and in the acidic effluent.
Near the end of the fourth year, magnesum concentration gradually decreased to 20-30 mg/l
range (Figure G-9). During the same period, the column average effluent loading rates for
magnesium increased from ~ 25 ug Mg/kg tailings/day to peak vaues of 300-300 pug Mgkg
tallings/day, decreasing gradualy to 75-100 pug Mg/kg tailinggday range near the end of the
experiment (Figure 151). During the entire study period, the column average magnesum
remova was cadculated as 166 mg/kg tallings or

~ 26% of totad magnesium contained in talings-coarse limestone mixture. Compared to
Contral -2 tailings, the increased remova of magnesum in coarse talings-coarse limestone
mixture resulted from acid neutrdization by the additiond magnesum dkdinity contained in the
limestone, and increased solubility of MgSO, which aso resulted in higher magnesum removad
then thet for calcium.

Aluminum and M anganese:

Figures G-10 and G-11 show, respectively, the effluent duminum and manganese concentration
profiles and leaching characteridtics of coarse talings-coarse limestone subgroup. The
corresponding effluent loading rate profiles are shown in Figures 153 and 155, and the
cumulative mass removal characteristics in Figures 154 and 156, respectively.

Similar to Control -2 tailings, the duminum leaching profiles for coarse tailings-coarse limestone
mixtures were Smilar to those for iron, increasing rgpidly from below detection and very low
concentrations in the absence of acidic drainage to 150-200 mg/l range in the acidic effluent.
Near the end of the study, the duminum concentrations decreased to 50-80 mg/l range (Figure
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G-11). The corresponding column average effluent duminum loading rates increased from zero
to peak loadings of ~ 600 g Al/kg talings/day, decreasing afterward to 150-200 g Al/kg
tallings/day (Figure 153). During the acidic drainage period, a column average tota of 206 mg
of Al/kg tallings or gpproximately 0.8% of total duminum contained in the talings-limestone
mixture was removed. Thus with the acidic drainage, the mobilization of auminum was limited
to less than 1% of Al content of coarse talling-coarse limestone test samples, which was
gpproximately hdf that for Control -2 tailings due to the delayed onset of acidic drainage. In

both casss, the cumulative removad of duminum remova was much less than that of iron.

The leaching characterigics of manganese, smilar to coarse tallings (Control -2), resembled
those of magnesium, where both were mohilized with the oxidation and acid generation (Figures
G-9 and G-11). Inthe neutrd to akaine drainage the effluent manganese concentrations were
very low, ~ 0.2-0.5 mg/l, which increased with the increased acidity to peak concentrations in
the range of 3-4 mg/l, decreasing thereafter to approximately 1.0 mg/l near the end of the fourth
year of the sudy. The corresponding effluent manganese loading rates increased from 1 g
Mn/kg tailings/day to pesk maximums in the range of ~ 12-14 ug Mn/kg talings'day, and then
decreased to gpproximately 4 pug Mn/kg tallings/day. For coarse tailings-coarse limestone
samples, a column average effluent manganese remova during the study period was caculated
as approximatdy 7.0 mg/kg tailings or 75% of totad manganese contained in the mixture.
Although, the total mass of manganese removed for Control -2 and coarse tailings-limestone
sub groups was comparable, the cumulative percentile vdue was higher in the later case
because of low to near detection manganese concentration in the solid phase. 1n both cases, the
cumulative remova of manganese was much greater than that of auminum.

Uranium, Thorium and L ead:

The leaching profiles for uranium, thorium and lead for coarse talings-coarse limestone mixture
are shown, respectively, in Figures G-12 to G-14 for effluent concentrations, in Figures 157,
158, and 160 for effluent loading rates, and in Figures 159 and 161, respectively, for cumuletive
mass removal characterigtics for thorium and lead. Similar to Control -2 tailings, because of low
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solid phase uranium concentrations, the cumulative mass remova profiles for uranium were not

computed.

As seen from Figures G-12 and 157, the effluent uranium concentrations and loading rate
profiles were somewhat poorly defined with occasiond pesks at different times for the two
columns (#18 and 19). During the acidic drainage period, some mobility of uranium was
indicated where effluent concentrations and loading rates increased from below detection to

aoproximately 2.5 mg/l and 12 pg U/kg talings/day, respectively.

The effluent thorium concentrations and loading rates increased from below detection and very
low vaues to gpproximatey 30-40 mg/l range and 100-150 pg Thi/kg tailings day range peeks,
respectively, in the acidic effluent (Figures G-13 and 158), then decreased to ~ 3 mg/l and 25
g Thkg talingsday, respectively, near the end of the study period. Unlike uranium, the
leaching characterigtics of thorium were better defined. During the acidic drainage period
monitored, a column average effluent thorium remova was caculated as 41 mg Th/kg tallings or
aoproximatdy 22% of tota thorium contained in the tailings-coarse limestone mixture. Similar

to Control -2 tailings, the cumulative (%) thorium and iron removals were comparable.

Similar to thorium and iron, the effluent leed concentration and loadings increased from below
detection levels to peak vaues of approximately 0.8 mg/l and 6 pg Po/kg talingsday, then
decreased to 0.1 mg/l and 1.0 pg Pb/kg tallings/day, respectively. The occurrence of lead
drainage in the effluent was delayed, and where column #18 was most active in comparison to
acidity, iron and duminum drainages (Figures G-14 and 160). A column average effluent lead
remova with the acidic drainage was cdculated as ~ 1.3 mg Po/kg tailings or only 0.5% of total
lead contained in the tailings-limestone mixture.

Compared to Contral -2 coarse tailings, the effluent loadings and mass removas for most

parameters for the coarse tailings-coarse limestone sub group were low because of the delayed
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acidic drainage and to a certain extent continued limestone neutrdization, dthough a a reduced
rate.

Other Metals, Ce, Cu, Ni and Zn, &tc.:

The concentrations and loading results for other metals are provided in Tables G-1 and G-2,
and as in the previous cases, the data were not processed in greater details because of low solid
phase compogtions of these metds. Similar to Control -2 tailings, the leaching profiles for these
metals for coarse tailings-coarse limestone sub-group were aso smilar to those for Fe and All,
etc. where increased acidic drainage resulted in increased mohilities of various metas and then
decreased to low but detectable levels. The column average peak concentrations of these
elements in the acidic effluent were dso sgnificant a:
6 mg/l Ce, 6 mg/l Cu, 7 mg/ll Ni and 3 mg/l Zn. The corresponding column average effluent
peak loading rates for various metals were: ~ 20 ug Ce, 20 pg Cu, 25 ug Ni and 10 pg Zn/kg
tallingsday. These vadues were lower than those for Control -2 tailings. Also smilar to
observations made for other parameters, the leaching profiles obtained for column #19 were
characterized by higher effluent concentrations, loading rates and early occurrences in the

drainage than those for column #18.

For coarse tailings mixed with coarse limestone, the Ra-226 leaching characterigtics are shown
in Figure G-15 for concentrations, and in Figure 162 and 163 for effluent loading rates and
cumulative Ra-226 removal profiles, respectively.

Initidly during the first year when the effluent was near neutra to dkaine, the effluent Ra-226
concentrations were in the range of 1000-1500 mBg/l, which smilar to other tailings above,
increased ragpidly with the introduction of the batch leaching schedule to peak concentrations in
the range of 3000-4000 mBg/I, and then decreased equaly rapidly to 1200-1500 mBg/l range
before the occurrence of the acidic drainage. In the acidic effluent, Ra226 concentration
increased again to a second peak with concentrations in the range of 3500-4500 mBg/l and
decreased somewhat differently for the two columns in the fourth year. For column #18, Ra
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226 continued to leach at a higher rate for about a year than for column #19 where Ra-226
concentrations decreased rapidly in the acidic effluent (Figure G-15). Near the end of the study
period, the column average effluent Ra-226 concentrations were ~ 600-800 mBg/l.

In the acidic effluent, amilar to Control-2 tailings, the Ra-226 concentrations were controlled by
the effluent acidity, where Ra226 leaching and drainage decreased with severe acidic

conditions.

The effluent Ra-226 loading profiles were smilar to those for concentrations, where the effluent
loading rates increased from gpproximatdy 4 mBg/kg taling/day in the fird year to
agoproximately 12 mBg/kg tallings/day at the introduction of the batch leaching schedule, and
then to second pesk loadings in the range of 12 - 18 mBg/kg talings/day. In the fourth year,
the column average effluent loading rates of Ra226 decreased to a range of 3 - 6 mBg/kg
tallings/day (Figure 162). The corresponding column average remova of Ra-226 during the
entire study period was caculated as approximatey 10,800 mBg/kg talinggday or
approximately 0.29 % of total Ra-226 contained in the tailings -coarse limestone mixture. Thus
for the coarse tailings - coarse limestone sub-group, the cumulative Ra-226 removed was
gpproximately double that for Control - 2 tailings because of decreased cumulative total acidity
production in the former case as explained above. However, smilar to Control - 2 tailings, the
acidic effluent was characterized by an increased mobility of other radium isotopes, eg. Ra
223, Ra-224 and Ra-228 and their progeny, resulting from increased leaching of corresponding
thorium parent radionuclides. The increased mobility of radium isotopes with the acidic
drainage dso corrdaed with the oxidation of pyrite and iron mobility in the tailings.

3.3.1.2.3 Group - 2. Un-oxidized and Coar se Tailings Mixed With 7.5 % (w/w) Wet
Ground and Pulverized Limestone (Columns#20 and 21)

The coarse tailings mixed with wet ground and pulverized limestone did not produce any acidic

drainage during the study period. Similar to total mill tailings mixed with various screen szed

limestone, the effluents from columns #20 and 21 were near neutrd to dightly dkaine and
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contained appreciable amounts of dissolved SO, Ca, Mg and Ra-226. The results further
indicated that athough oxidation was aso taking place in the coarse talings - pulverized
limestone sub-group, the acid so produced was completely neutrdized by the findy ground
limestone in combination with the increased retention time resulting from dightly decreased
hydraulic conductivities (Tables 7 and 10). The mobilization of other oxidation related reaction
products, e.g. acidity, SO,?, Fe, Al, U, Th, Pb, Ce, Cu, Ni and Zn was absent or present in
trace amount except Mn which was present in smadl quantity. During the study period, the
leaching characteridtics of coarse tailings mixed with wet ground limestone were very smilar to
those of the coarse tailings mixed with coarse limestone prior to the occurrence of the acidic

drainage, where sufficient acid neutralization was taking place in the latter sub-group.

The detailed leaching characterigtics of coarse tailings-wet ground limestone subgroup (columns
#20 and 21) are shown in Figures H-1 to H-16 for concentration profiles, and in Figures 165 to
185 for effluent loading rates and cumulative mass removed profiles, respectively. Similar to
other Group - 2 tailings, a column average cumulative tota of 75| of effluent was collected from
each column during the four year study period. During the same period, each column had
received an average of gpproximately 104 | of naturd lake water for leaching and rinsng
purposes. The detailed results are as follows:

pH, Eh and Fe
Figures 165 to 167 show, respectively, the variations of pH, Eh and Ec with time for coarse

tailings mixed with wet ground limestone (columns #20 and 21). As seen from Figure 165,
these columns were producing dightly akaine effluents with pH's in the range of 8 - 85
throughout the study period.

The effluent Eh values increased very dowly from an initid range of ~ 350 - 400 mV to
approximately 500 - 500 mV near the end of the study, which indicated a small degree of
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oxidation in these tailings limestone mixtures (Figure 168). At these observed pH - Eh vaues,
the effluents were characterized by precipitation of solid phase Fe(OH); and near the
precipitation boundary of Mn with adight solubility of Mni™.

Initidly, the effluent eectrica conductivities, EC's, increased from gpproximatdy 500 n§cm to
1500 n¥cm during the firgt six months, and then dropped to gpproximately 1000 n&/cm range
and remained congtant at that range for afurther period of 6 to 8 months. After the introduction
of the batch leaching schedule, the effluent EC's increased steadily to approximately 3000
n/cm over a one year period, decreasing afterward to 2200 - 2500 ncm range for the rest
of the study period (Figure 167). Similar to other tailings-limestone mixtures, the effluent EC'sin
columns #20 and 21, prior to acidic drainage, were indicative of gypsum formation and its
solubility near saturdtion levels.  After the introduction of the batch leaching schedule, the
effluent quaity results indicated oxidation, acid generation and complete limestone neutraization
in this sub-group of coarse tailings-wet ground limestone, athough this mixture had arather high
net acid generation potential (NNP = - 43 kg CaCO; /tonne).  This observation was further
substantiated by acidity, Ca, Mg, Fe and SO, drainage results. The long-term monitoring of
these columns would be interesting for eva uating the degree of limestone neutrdization provided

prior to the occurrence of the acidic drainage, if any.

Acidity and Alkalinity:

The acidity and dkainity profiles for coarse tailings mixed with wet ground limestone are shown
in Figures H-4 and H-5 for concentrations, and in Figures 168 - 169 for effluent loading rates,

respectively.

As seen from Figures H-4 and 168, the effluent acidities were absent throughout the
experimenta period and there was no acidic drainage. The columns were producing akdine

effluents with akdinities in the range of 180 - 200 mg CaCO;s /l for the first year, which
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decreased gradually to arange of 80 - 100 mg CaCO; /| after the implementation of the baich
leaching schedule and were congtant at these levels for the rest of the study period. The
dkalinity production during this period increased from an initid 400 - 600 g CaCOs; /kg
tallinggday range to pesk adkalinities of 800 - 900 ng CaCOs /kg tallingsday, decreasng
afterward to a range of 300 - 400 ng CaCO; /kg talings/day (Figures H-5 and 169). The
results indicated existence of steady state conditions amongst oxidation, acid generation an
complete acid neutrdization. Thus it was not possible to speculate on the consumption of the
available buffering capacity and sart of the acidic drainage from these test samples.

Sulphate and Iron:

The leaching characterigtics of dissolved sulphate and tota iron for coarse tailings mixed with
wet ground limestone are shown, respectively, in Figures H-6 and H-7 for concentrations and in
Figures 170 - 172 for effluent sulphate loading rates, cumulative sulphate removas and iron
loading rates.

The effluent sulphate profiles were smilar to those for Ec, where sulphate concentrations and
loading rates increased uniformly from initiad 200 - 400 mg/l and 1000 - 1500 g SO, /kg
tallings/day ranges to steady states and uniform vaues in the ranges of 1600 - 1800 mg/l and
6000 - 6500 ng SO,? /kg tailings/day, respectively (Figures H-6 and 170). The observed
sulphate concentrations and loading profiles were comparable to those for coarse tailings
(Contral - 2)as well as coarse tailings mixed with coarse limestone prior to the occurrence of
the acidic drainage from them. During the entire study period, a column average cumulative
sulphate loading or tota sulphate production/remova in the effluent was cdculated as
approximately 8.2 g SO, /kg tailings or 7 % of total sulphur contained in the tailings-wet
ground limestone mixture. Unlike the previous two sub-groups of coarse tailings and coarse
tallings - coarse limestone, where acidic drainage occurred, the total sulphur removed in the
present case was comparable to those for totd mill taillings mixed with various screen sSized
limestone (columns #4-15), and where effluent sulphate drainage was controlled by gypsum
dissolution.
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The effluent dissolved iron (total) concentrations were very low, less than 0.3 mg/l during the
fird year and then below detection leves for the rest of the sudy period. The effluent iron
loading rates were smilarly low and of little Sgnificance for iron drainage and mass remova

computations (see Figures H-7 and 172).

Calcium and M agnesium:

The effluent calcium and magnesum leaching profiles are shown, respectively in Figures H-8
and H-9 for concentrations, in Figures 173 and 175 for loading rates, and in Figures 174 and

176 for cumulative mass remova characterigtics.

Smilar to dectricd conductance and sulphate, the effluent cacium concentrations were
characterized by initid increase from ~ 100 mg/l levels to approximately 300 mg/l pesks,
followed by a dight decrease to 200 mg/l levels during the first year. After the implementation
of the batch leaching schedule, calcium concentrations increased steadily to maximum gypsum
solubility levels during the subsequent year and remained congtant a 600 - 700 mg/l range for
the rest of the Sudy period. Similarly, the effluent calcium loading rates increased from an initid
range of ~ 500 - 1000 ng Calkg tailings/day to saturation vaues in the range of 2500 - 3000
ny Calkg talings/day (Figures H-8 and 173). During the entire study period, the column
average cumulative cacium loading or total mass production'remova was cadculated as
approximately 31 g Cakg tallings or
8.8 % of total calcium contained in the tailings-wet ground limestone mixture.

Stoichiometricaly, the cumulative mass removd of totd cacum was higher than tha of totd
sulphate sulphur (7 %) as noted above, perhaps resulting from the increased solubility of
limestone in the naturd lake water contributing to moderate effluent akainities as observed. In
comparison to the coarse tailings - coarse limestone sub-group (columns #18 and 19), the total
cacium remova in the present case was less, ~ 75 % of that for the former case, resulting from
delayed establishment of gypsum saturation conditions, by gpproximately 8 - 10 months, in
taillings mixed with wet ground limestone (Figures 149 and 173).
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Although not very accurae, the effluent cacium loading results were extrgpolated further to
edimate the degree of limestone neutraization achieved for the present sub-group. Assuming
that the oxidation and hence the acid generdtion rates were increasing linearly with time, as
observed during the firgt two years of leaching and before gypsum saturation conditions, the
average acid generation or its neutraization rate during the study period was estimated as
gpproximately 6250 g CaCOs/kg tailings/day from cacium equivaent rate of 2500 ng Ca kg
tallings/day (Figure 173). The corresponding limestone neutrdization, for the duration of the
study, was thus estimated as 9.7 g CaCOs /kg tailing or 13 % of totd limestone contained in the
talingswet ground limestone mixture. After gpproximately four years of leaching under
unsaturated conditions, gpproximately 87 % of resdud limestone dkdinity was gill available in
this tailings-limestone subgroup, which would provide further acid neutrdization for an additiona
period of 29 years. Further monitoring of these columns, for an additiond period, would verify
predictions of continued acid neutrdization and the occurrence of acidic drainage, it any.

The effluent magnesum profiles for concentrations and loading rates were dso smilar to those
of cacium, except during the first year where smdl pesks in magnesum parameters were
observed. Both concentrations and loading rates increased very rapidly from initiad ranges of 2
mg/l and 10 ng Mg/kg tailings/day to pesk vaues of 12 mg/l and 40 ng Mg/kg talingsday,
respectively, and decreased back to the initid values. After the implementation of the baich
leaching schedule, the parameters increased again, over a one year period, to peak vaues and
then decreased dightly to ranges of 6 - 7 mg/l and 20 - 30 ng Mg/kg tallings/day, respectively
(Figures H-9 and 175). During the complete study period, the column average magnesum
drainage was estimated as approximately
43 mglkg tailings or 7 % of totd magnesum contained in the tailings  The effluent cumulative
magnesum remova was comparable to that of cacum, but was sgnificantly less than that for
tallings mixed with coarse limestone, where it was high a ~23 % resulting from increased acidic
drainage in the latter case. Totd magnesium loadings for coarse tailings - pulverized wet ground

limestone and tota mill tailings mixed with various screen Szed limestone were comparable.
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Aluminum and M anganese:

The effluent duminum and manganese leaching profiles are shown in Figures H-10 and H-11,
respectively, for concentrations and in Figures 177 - 179 for loading rates and cumulative

manganese removas.

Similar to iron, the effluent duminum concentrations and loading rates were very low, less than
0.2-0.3mg/l and 1 - 2 ng Al/kg tailings/day, respectively, asthe acidic drainage was absent.

The effluent manganese concentrations and loading rates were dso low but at detectable levels,
intheranges of 0.1 - 0.5 mg/l and 1 -2 ng Mn/kg tailings/day, respectively, and were indicative
of oxidation activities within these tailings-limestone mixtures. As stated previoudy, the effluent
Eh and pH vaues were near the manganese precipitation boundary which affected Mn solubility
in the effluent. During the study period, the column average cumulative manganese remova was
cdculated as 0.3 mg Mr/kg tailings or approximately 3 % of total manganese contained in the
tallingswet ground limestone mixture.

U, Th and Pb:
For the coarse tallings - wet ground limestone sub-group, the effluent U, Th and Pb leaching

profiles are shown in Figures H-12 to H-14 for concentrations and in Figures 180 - 182 for
loading rates, repectively. The results for uranium indicated some initid mobilization during the
firgt year, where concentrations and loading rates increased from below detection to ranges of ~
1-2mg/l and 4 -10 ng U/kg tallings/day, and decreased gradudly to below detection levelsin
the third year (Figure H-12 and 180). Similar to iron and auminum, no mobilization was
observed for thorium and lead in the absence of the acidic drainage.

Other MetalsCe, Cu, Ni and Zn:
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The leaching characterigtics of other metals: Ce, Cu, Ni and Zn are given in Tables H-1 and H-
2, where in the absence of the acidic drainage, these metas were not mobilized from the coarse

tailings mixed with wet ground limestone.

The effluent Ra226 leaching characterigtics are shown in Figure H-15 for concentrations
(activities) and in Figures 183 and 184, respectively, for effluent loading rates and cumulative
production/remova profiles, for coarse tailings mixed with wet ground and pulverized limestone.

Generdly, the effluent Ra-226 concentrations (activities) increased gradudly with time from an
initid range of ~ 500 - 1000 mBg/l to 1200 - 1500 mBq/I during the study period. During the
first year and at the start of the batch leaching schedule, two concentration pesks at ~ 1200
mBg/l and 2000 mBg/l, respectively, were dso observed (Figure H-15). Similarly, the effluent
loading rates increased from approximatdy 2 mBg/kg tallings/day to 4 mBg/kg tallings/day with
intermediate peak loading rates at ~ 4 and 8 mBg/kg tailings/day (Figure 183). The occurrence
of these pesks was coincident with those for calcium and magnesum. During the entire sudy
period, the column average cumulative Ra-226 production/remova (loading) was cdculated as
gpproximately 5900 mBg/kg tailings or 0.16 % of totd Ra-226 contained in the talings -
limestone mixture. The cumulative Ra-226 remova was comparable to coarse tailings without
limestone amendment (Control - 2 ), and less than that for the coarse tailings - coarse limestone
sub-group. For al group - 2 coarse tailings-limestone mixtures, the radium removas were more
than double of those for group - 1 totd mill tailings, dthough the Ra-226 contents of latter
tallings sub-group were higher.

For coarse tailings without or mixed with limestone, there gppeared to be no corrdation
between totd Ra-226 remova and effluent acidity/akalinity.

3.3.2 Submerged Tailings
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3.3.2.1 Group 3: Submerged Coarse Tailings

3.3.2.1.1 Group 3. Un-oxidized Coar se Tailings Submer ged
Under 0.45 m Water Cover (Columns #22-24)

The leaching characteristics of submerged coarse tailings are shown in Figures I-1 to 1-16 for
concentrations, and in Figures 186 - 209 for primary parameters, loading rates and cumulative
mass remova profiles for various ions and radionuclides. As mentioned in the experimenta
methods section, these columns were leached under submerged conditions by continuous
addition of didtilled water at the top of the columns, |etting the water run through the tailings and
collecting as porewater drainage. The planned leaching scheme consisted of accelerated
leaching & the rate of 1 |/day porewater flow for the first two years for remova of water
soluble mineras (i.e. gypsum), followed by decreased porewater flow at the rate of 1 l/week.
In the actud practice, because of manud flow control vaves the effluent volume varied
between ~ 0.4 | to 1 I/day with an yearly cumulétive effluent flow volume of gpproximately 190 |
for thefirst two years, followed by 100 |/y for the balance of the study period. At the end of the
four year study period, a column average cumulative flow volume of 580 | of effluent was
collected for each column, which represented gpproximately 270 pore volume exchanges. This
leachate volume was gpproximatdy 7 times more than that used for leaching/rinsang purposes
for the other unsaturated tailings and waste rock groups.

It should also be mentioned that because of the manual flow control valves, there had been
occasond difficulty in maintaining a constant height of the water cover abovethetailings. Inone
or two ingtances, around the middle of study the period, the water cover fell close to the tailings
aurface.  The problem was quickly corrected by increasing the didtilled water inflow
gopropriady and frequent monitoring of water levelsin the columns. The inflow of the didtilled

water was, however, not metered in this study.

With the accelerated porewater flow, the soluble minerds (i.e. gypsum) were mobilized very
rgpidly and were mosily depleted, within a short time interva of initid three months, with a
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cumulative effluent volume of gpproximatdy 50 |. During the firg three years, the submerged
coarse tailing produced no acidic drainages. The effluents were nearly neutrd with pH’'sin the
range of ~ 6.5 - 7.5 and zero to very low acidities. There was no mobilization of oxidation
reection products most notably Fe, Al, Mn and Th during this period. In the fourth yesr,
however, the columns sarted to produce dightly acidic drainages with dissolved iron and
manganese concentrations in the ranges of 2 - 20 mg/l and 0.1 - 0.3 mg/l, respectively. Also,
there was about a 10 - 20 fold increase in Ra-226 mobilization from the submerged tailings.
Further, the effluents had low dissolved oxygen, where concentrations decreased from near
saturaion, ~8 - 10 mg/l, in the well oxygenated feed water to gpproximatdy 2 - 4 mg/l in the
drainage effluents. The water columns above the tallings surfaces were well oxygenated and
there were no oxygen gradients. As wdll, there was no evidence of sulphate reduction in the

submerged tailings, as noted by the absence of characteristic H,S odour in the effluents.

The submerged tailings were leached directly with ditilled water which lacked the natura
akalinity and organic matter contents of natura run-off and lake waters. |If the leaching water
had contained dkdinity levels typica of the loca run-off, some moderation in acidic drainage
from submerged tailings was expected. Also, in the aasence of any oxygen consuming organic
layer covering the tailings, there was no other oxygen sink except tailings which were directly in
contact with well oxygenated surface water, and to a certain extent porewater because of its
accelerated flow rate. In the fidd, natural akalinity and organic matter would be present in
water covers of submerged tailings. The water column above the tailings was adso monitored
periodicaly at various depths and the results are given in Table 1-4, together with drainage
effluent water qudity in Table1-1to I-3 (Appendix ). The detailed results are asfollows:.

pH, Eh and Ec:

Figures 180 -188, show the drainage effluent pH, Eh and Ec profiles for submerged coarse
tallings (columns #22-24). Initidly during the first two years, the effluents were near neutrd to
dightly alkaine with pH’s in the range of 7.5 and 8. Afterward, the pH's Sarted to decrease
graduadly, and near the end of the study period, the effluent pH’s were in the range of ~ 5.5 -
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7.0. As seen from Figure 186, it was observed that column #24 was producing dightly more
acidic effluents, which indicated an early sart of oxidation, than the other two columns. This
column aso had early occurrences of acidity, total iron, manganese and Ra-226, as discussed
below. Because many of these changes were occurring near the end of the study period, it was
difficult to predict if the oxidation process would continue and would aso occur in the other two

columns.

In the water columns above the talings surface, the pH’s were fairly uniform and decreased
dightly with time from a column average of 5.7 to 5.0. These pH’swere in the range of aerated
didtilled water containing dissolved carbon dioxide (Table 1-4).

The drainage (porewater) effluent Eh's were farly uniform around 400 mV with a dight
decreasing trend from an initid range of 450 - 500 mV in the first year to 350 - 400 mV in the
find year of the gudy. Similarly, in the water column above the tallings, the Eh's were in the
well oxygenated range of 500 - 600 mV.

The effluent eectrical conductances, EC's, corresponded to rapid dissolution and leaching of
soluble minerds, most notably gypsum, during the initid three month period. 1t increased rapidly
from initid vaues of ~ 1000 n§/cm to peak conductances in the range of ~ 2100 - 2400
n&/cm during the first month, and then decreased during two to three month period that
followed to constant conductances in the range of approximately 70 - 100 n5cm (Figure 188).
Generdly, the drainage EC's were fairly uniform, following the initid gypsum dissolution pesks,
during the rest of the study period with minor fluctuations occasiondly.

In the water columns above the tailings, the ectrical conductance peaked a a column average
of approximately 115 n/cm around the middle of the study period, decreasing afterwards to
10 - 15 n&/cm range, which was dightly above the feed water range of 3 - 6 n§/cm. Because
of the high power water flow and flushing of the soluble minerds, the water columns were not
monitored for the first two years. In the following years, there gppeared to be inggnificant
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upward diffuson of oxidation reaction products from submerged tailings to the water column
above, dthough a limited oxidation was taking place a the surface of the tailings a the
interface.

Acidity and Alkalinity:

The acidity and dkalinity profiles for the effluent drainage are shown, respectively, in Figures 1-4
and I-5 for concentrations, and in Figures 189 - 191 for acidity loading rates, cumulative acidity
production and akalinity loading rates respectively.

At the art of the experiments, columns #22-24, produced dightly acidic effluents which were
flushed within the first few weeks. Since then, and for the next three years, the drainage effluent
acidities were very low to zero. At the beginning of the fourth year of the underwater leaching
sudy, the columns started to produce dightly acidic effluents, most notably column #24, in the
range of ~ 10 - 20 mg/l CaCO; acidity. During this period, the drainage effluent acidity
loading rates were in the range ~ 500 - 1500 ng CaCOg/kg tailingsg/day (Figures 1-4 and 189).
During the entire study period, the column average cumulative acidity production/removal
(loading) was calculated as 0.26 g CaCOs/kg tailings or 0.2 % of totd acid generation potential
of the coarsetailings.

The totd acidity produced by the submerged coarse tailings is to be compared with those for
Contral - 1, total mill tailings, and Control - 2, coarse tailings, without limestone amendments
where the acidities were, respectively, 1.9 g CaCO; /kg tailings and 76.7 g CaCOs/kg tallings.
During the experimenta leaching period, a shalow didtilled weter cover on coarse tailings in the
laboratory studies reduced acidity production by factors of agpproximately 10 and 300 in
comparison to those for totd mill talings and coarse tallings leached under unsaturated
conditions, respectively. However, for totd mill tailings mixed with 7.5 % limestone of various
szes, and aso leached under unsaturated conditions, the tota acidity production was only 0.04
g CaCO; /kg talings. The latter combination was thus more effective in preventing acidic

drainage, for a shorter time period, than water cover on coarse tallings. The benefits of
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limestone amendments in the surface layer of the tallings, however, would be only temporary
unless gppropriate quantity of limestone was incorporated in the tailings above the minimum
elevation of the phreatic surface for complete acid neutralization purposes.

Initidly during the first year, the submerged talings were producing dkdine effluents with
column average dkalinity in the range of ~ 40 - 100 mg CaCO; /I, which gradualy decreased in
subsequent years to a range of gpproximately 8 - 10 mg CaCQOs /I a the end of the study.
During the same period, the corresponding akainity production rate decreased from 8000 to
500 ng CaCOs/kg tailings/day. As was observed for other leaching columns under unsaturated
conditions, mogt of the akalinity production resulted from the dissolution of residud limestone in
the coarse tailings, estimated to be gpproximately 2 g CaCO; /kg tailings (2 kg CaCO; /tonne
tailings or 0.2 %) from drainage effluent dkainities (Figures I-5 and 191). The totd available
neutraization potential for coarse tailings was measured as 2.7 kg CaCO; ftonne tallings.

In the water cover above the tailings, the column average acidity and akalinity werein the range
of 3 -6 mg CaCOs; /l, mogly resulting from aerated digtilled water and absorption of

amospheric gases, e.g. CO; etc.

Sulphate and Iron:

The drainage effluent sulphate and iron leaching profiles for submerged tailings are shown,
respectively, in Figures 1-6 and |1-7 for concentrations, in Figures 192 and 194 for effluent
loading rates, and in Figures 193 and 195 for cumulative mass remova profiles for totd sulphate
and iron, respectively.

Similar to EC’s, the effluent sulphate concentrations were gypsum solubility derived and were
quickly depleted from peak concentration of ~1500 mg/l to arange of ~ 10 - 20 mg/l during the
firg three months. For the remainder of the study period, sulphate concentrations were fairly
condant at the lower range of ~ 10 - 20 mg/l. The corresponding column average effluent
sulphate loading rates were approximately 70,000 ng SO, ?/kg talinggday a the pesk and
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between 200 - 400 ny SO, ?/kg tailinggday following gypsum remova (Figures 1-6 and 192).
For the duration of the sudy period, the columns average cumulative sulphate
production/removal (loading) was estimated as approximately 2.6 g SO, ?/kg tailings or 2.0 %
of total sulphur contained in the coarse tailings. The corresponding tota sulphate loading for
coarse tailings under unsaturated leaching conditions was 87.9 g SO, %kg tailings or ~ 67% of
total sulphur content.

The totd amount of sulphate removed in the drainage effluent, 2.6 g SO, ?/kg talings, for
submerged tailings corresponded to gpproximately 0.87 g soluble sulphur (as S) per kg tailings
or 0.09 % total soluble sulphur, which was equivalent to 0.38 % CaSO, (gypsum) or 0.11 %
Caas soluble gypsum. These vaues were closely comparable to those measured in bulk coarse

tallings samples as shown in Table 14.

The drainage effluent tota iron concentrations were zero to very low during the first three years
of the study, and increased gradudly in the fourth year in effluents from al column, to arange of
~1-20 mg/l. Asmentioned previoudy, the largest iron drainage was observed from column
#24, ~ 5 - 20 mg/l, followed by columns #23 and #22 in that order, where the effluent iron
concentrations were in the range of ~ 0.1 - 1.0 mg/l. Near the end of the study period, the iron
concentrations in effluents from column #24 had pesked a
~ 20 mg/l and then decreased to a range of ~ 6 - 8 mg/l (Figures I-7). The corresponding
drainage effluent iron loading rates were in the column average range of ~ 50 - 200 ng Felkg
talinggday in the fourth year (Figure 194). The column average cumuleive iron
production/remova (loading) for the duration of the study period was caculated as
approximately 29 mg Felkg tailings/day or 0.07 % of total iron contained in coarse tailings.

The reaults clearly indicated that for coarse tailings under a shadlow water cover, oxidation and
iron mobilization processes have established, dthough, to a very limited extent. However, in
comparison to Control - 2, coarse tailings, where total iron removal was very highat  68.9 %,

the total iron mobilization and remova from the submerged tailings was inggnificant a 0.07 %.
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For Control - 1, total mill tailings, tota iron remova was aso low a gpproximately 0.33 %. No
iron mobilization was observed for totd mill tallings mixed with 7.5 % limestone of various

screen Sizes and coarse tailings mixed with wet ground limestone.

Similar to tota effluent acidity results, the performance of a shdlow didtilled water cover on
coarse tailings was second to tota mill tailings mixed with limestone, for a limited time period,
when drainage effluent water quality results were compared.

In the water column above the tailings, dissolved totd iron and sulphate concentrations were at

background levels, in ranges of 0.01 - 0.5 mg/l and 3 - 8 mg/l, respectively.

Calcium and M agnesium:

For submerged columns, the leaching profiles for cacium and magnesum are shown,
respectively, in Figures -8 and 1-9 for concentrations, in Figures 196 and 198 for drainage
effluent loading rates, and in Figures 197 and 199 for cumulative mass remova characteristics.

Similar to Ec and sulphate leaching characteridtics, the effluent calcium drainage was controlled
by gypsum dissolution, reaching a peak calcium concentration of gpproximately ~ 600 mg/l
during the first month, and decreasing very rapidly afterwardsto arange of approximately 10 -
15 mg/l during two to three months period that followed. For the remainder of the study period,
cacium concentrations were congtant at the above low range (Figure 1-8). Correspondingly,
the drainage effluent calcium loading rates were gpproximately 30,000 ng/kg talings/day at the
peak and between 100 - 300 ny/kg tailings/day range sewhere (Figure 196). For the duration
of the study period, the column average cumulative cacium production/remova (loading) was
caculated as gpproximately 1.3 g Calkg tailings or 32 % of tota cacium contained in the
coarse talings Mog of the calcium removed resulted from the dissolution of gypsum from the
tallings which contained ~ 1.1 g Calkg talings or 0.11 % Ca as gypsum. The cumulative
cacium removed from submerged tailings was higher than that from Control - 2, unsaturated

coarse tailings, where it was approximately 19 %.
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The drainage effluent magnesum concentration and loading rate profiles were dso smilar to
those for calcium and SO, 2, but for Mg the drainage pesks lasted for a shorter duration and
were at ~ 16 mg/l and 700 ng Mg/kg talings/day, respectively. After the firg three months,
magnesium concentrations and loading rates decreased to ranges of ~0.1- 0.3 mg/l and 2 - 10
ng Mg/kg tallings/day, respectively. The magnesum data indicated dightly increase drainage in
the third year, perhaps a indicating an onset of very limited oxidation (Figure 198). The
drainage effluent cumulative magnesum production/remova (loading) during the study period
was caculated as gpproximately 20 mg/kg tailings/'day or 3.4 % of total magnesium contained in
coase talings Approximatey haf of the totd magnesum removed resulted from the initiad
dissolution of readily soluble magnesum sdts contained in the tallings. For comparison, the
column average magnesum removed from Control - 2 unsaturated coarse tailings, which

produced acidic drainage, was approximately 13 %.

In the water column above the talings surface, the dissolved cdcium and magnesum
concentrations were very low in ranges of 0.1 - 1.0 mg/l and 0.08 - 0.1 mg/l, respectively.

Aluminum and M anganese:

Figures 1-10 and 1-11, show respectively, the drainage effluent auminum and manganese
concentration profiles, Figures 200 and 202, the corresponding effluent loading rates, and
Figures 201 - 203 the cumulative mass remova profiles, respectively.

The drainage effluent duminum concentrations were very low to beow detection levels,
< 0.03 mg/l, during most of the study period, except for a few weeks at the beginning of the
study and occasiona smal pesks where dissolved aluminum concentrations were less than 0.5
mg/l (Fgures I-10). Smilaly, the effluent duminum loading rates were less than 3 ng/kg
tallings/day range except a few peak loading rates in the range of approximately 10 - 30 ny/kg
talinggday (Figure 200). The corresponding column average cumulaive auminum
production/remova (loading) was caculated as 6 mg Al/kg tailings or less than 0.02 % of total
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auminum contained in coarse tallings. Thus, for submerged coarse talings duminum remova

wasindgnificantly smal.

The drainage effluent manganese profiles were combinations of those for cacium and iron.
Initidly, during the firgt three months and smilar to gypsum, soluble manganee sdts were
removed with pesk manganese concentrations and loading rates in ranges of 0.6 - 0.8 mg/l and
25 - 30 ng M/kg tallings/day, respectively. In the period that followed, the effluent manganese
levels were near background or below detection for gpproximately six months, and increased
dightly in drainage effluents from al three columns, a different times, to concentrations and
loading rates in ranges of ~ 0.1 - 0.4 mg/l and 5 - 20 ng Mn/kg tallings/day, respectively
(Figures 1-11 and 202). Similar to iron, the effluent manganese drainage was most significant
from column #24 where it increased to peak concentrations and loading rates of gpproximately
0.4 mg/l and 20 ng Mn/kg tallingg/day at the end of the third year, and decreased gradudly to
0.2 mg/l and 5 ng Mn/kg tallings/day, respectively, in the fourth year. During the entire sudy
period, the column average cumulative manganese production/remova (loading) was caculated
as 4 mg Mn/kg talings or 14 % of totd manganese contained in coarse talings. It was
estimated that approximately 50 % of the observed Mn drainage resulted from surface oxidation
of tailings underwater.

Similar to iron, the dight drainage of manganese in the effluent indicated active oxidation and Mn
mobilization a very low rates in the submerged talings. During this period, the dissolved
concentrations of Fe and Mn were controlled by effluent Eh - pH phase sability relationship
which, for example, indicated Mn' solubility and Fe near Fe(OH); precipitation boundary for
column #24, whose drainage effluent had apH of ~ 5.5 and Eh ~ 350 mV. During the last year
of the study the effluent sample bottles for column #24 were stained with characteristic Fe(OH)3

orange colouration.

In the upper-lying water column above the tailings, duminum was detected in trace amounts,

0.03 - 0.6 mg/l and manganese concentrations were very low, to below detection levels.
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Uranium, Thorium and L ead:

The drainage effluents leaching profiles for submerged coarse tailings for uranium, thorium and
lead are shown in Figures 1-12 to I-14 for concentrations, and in Figures 204 to 206 for effluent

loading rates, respectively.

The effluent uranium concentrations were dightly eevated and above detection limits,
agoproximately 0.3 - 0.4 mg/l, for the first few weeks at the very beginning of the experiment,
where resdud uranium sdts from the talings were mohilized. Since then, the uranium
concentrations were fairly uniform and below detection levels, <0.2 mg/l, during the rest of the
sudy period. The drainage effluent loadings were smilarly near background levels, < 10 nyg
U/kg tailings/day, except during the initiad leaching period of few weeks, where the loading rates
were in the range of ~ 20 - 25 ng U/kg tallings/day. Because of flow variations and occasond
detection of uranium in the effluent, some fluctuations in both parameters were observed
(Figures 1-12 and 204).

The drainage effluent thorium and lead concentrations were generaly below detection levels and
no loadings above background levels were noted. Because of low concentrations and loadings

of these trace dements, no cumulative mass remova profiles were plotted.

Other MetalsCe, Cu, Ni and Zn:

The leaching results for other metds, Ce, Cu, Ni and Zn, are given in Tables I-1 to 1-3
(Appendix 1) for submerged coarse talings. Similar to thorium and lead, no mohilization of
these metdsin the drainage effluent was observed.

In the water column above the tallings surface, the concentrations of U, Th, Pb, Ce, Cu, Ni and

Zn were very low to below detection levels.

Ra-226:
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The leaching characterigtics of Ra-226 for the submerged coarse tailings are shown in Figure I-
15, for concentrations (activities), and in Figures 207 and 208, respectively, for effluent loading

rates and cumulative remova profiles.

For submerged coarse tailings, Ra-226 leaching characteristics resembled those of manganese,
where ionic mobilites were observed both at the beginning of the experiment and near the end of
the study period. Initidly, at the start of the leaching and accelerated porewater flow, the
column average Ra-226 concentrations in the drainage effluent decreased very rapidly, from
approximately 5000 mBg/l to 1000 mBgy/l during the firgt three months. During this period and
unlike gypsum dissolution characteristics, no Ra-226 concentration peaks were observed.
For the next two years or so, Ra226 concentrations in the drainage effluents were fairly
congant in the range of ~ 800 - 1000 mBq/l, which increased subsequently to pesk
concentrations in the range of ~ 5000 - 27,000 mBg/l near the end of the study period. The
increase was initidly gradud and then very rgpid, and was most sgnificant for column #24,
where Ra-226 concentrations in the drainage effluents increased by approximately 25 times,
followed by columns #23 and #22 (Figure 1-15). The increase in Ra226 drainage was
coincident with acidic conditions occurring in the leachates. The corresponding Ra-226 loading
profiles were smilar, with column average loadings rates during initid, intermediate and end of
the study periods were ~ 200, 40 and 800 mBq Ra-226/kg tailings/day, respectively (Figure
207). For column #24, the pesk loading rate was approximately 1700 mBg/kg tailings/day.

The cumulative column average production/remova (loading) for Ra-226 remova during the
study period was caculated as ~ 215,000 mBg/kg tailings or 5.5 % of total Ra-226 contained
in coase talings Of the cumulaive totd Ra226 removed, approximately
0.23 % was associated with the initid remova of gypsum, 1.5 % with intermediate leaching at
neutra pH conditions, and 3.7 % with the on-set of dow oxidation conditions underwater and
concurrent with the increased drainage iron in the effluent. The last process, however, was most
sgnificant for column #24. Thus, in comparison to
Contral - 1, total mill tailings and Control - 2, coarse tailings without limestone amendments,
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where cumulative Ra-226 removas with acidic drainages under unsaturated conditions were,
respectively, 0.08 % and 0.17 %, Ra226 drainage from coarse tailings under submerged
conditions increased by factors of ~ 69 and 32, respectively.

For submerged coarse tallings, there were many interesting and important features associated
with the leaching of Ra-226. Firdly, in the initid gypsum dissolution phase during accelerated
leaching, the effluent Ra-226, gypsum and hence sulphate concentrations decreased
smultaneoudy. During this period, the resdud gypsum in the talings was mostly depleted
within the firg three months, where the corresponding effluent sulphate concentrations
decreased from approximately 1500 mg/l to 10 - 20 mg/l, and Ra226 concentrations
decreased from 5000 mBq/l to 1000 mBg/l. There was no increase in the solubility and
mobilization of Ra-226 with decreasing sulphate concentrations in the gypsum removal process,
where both Ra226 and sulphate concentrations were controlled by gypsum dissolution.
Secondly, during the intermediate leaching period, and in the abosence of gypsum, where effluent
pH's were nearly neutral, both sulphate and Ra226 concentrations were fairly constant.
Findly, near the end of the study period, where a dow oxidation process had sarted, there was
adgnificant increase in Ra-226 concentration in the drainage effluent which was associated with
the development of dow oxidation and dight acidic conditions a the talings surface, and
coincident with the mohilization of iron in low concentration in drainage effluents.  During this
period, sulphate concentrations had increased dightly but the change was not Satigticaly
ggnificant.

These obsarvations were in non-conformity with the most commonly held view that in a smple
solid-liquid phase partition, the liquid phase Ra-226 solubility was controlled and inversdy
related to the sulphate ion concentration. However, with the development of dow oxidation and
acidic conditions in submerged coarse tailings under a shallow water cover, the large increase in
Ra-226 release was most probably associated with the mobility of parent Th-230 isotope but in
low chemical (molecular) concentration Smilar that of iron. Perhaps, during this period, radium
solubility was high because of low sulphate concentrations. As described previoudy, the
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asociation of radium and thorium mobilities with oxidation and acidic conditions was aso
observed in other unsaturated tailings sub-groups. However, the above mentioned Ra/Sulphate
inverse solubility relationship was observed to be vdid only for severdy acidic effluents from
unsaturated coarse tailings (Control - 2, columns #16 and 17).

The increased effluent loading rate and cumulative remova of Ra-226 from submerged tailings,
each by afactor of 32, in comparison to Control - 2 tailings did not correspond to the increased
porewater in the former case. The cumulative effluent flow volumes for the two cases were,
respectively, 580 | and 75 |, contributing a volume increase factor of ~ 8 for the submerged
tallings. As noted above, the dow oxidation and acidification of submerged tallings a the
surface increased Ra-226 mobility significantly.

In the water column above the submerged talings, some upward diffuson of Ra226 was
observed, where dissolved Ra-226 concentrations varied between 30 - 140 mBg/l. Compared
to Ra226 concentrations in porewater drainage effluents, the surface water concentrations

were low and below the regulatory guidelines of 1000 mBg/! for effluent discharge.

Although the leaching experiments for submerged tailings were conducted with digtilled water,
which lacked in naturd akalinity and organic matter contents, the radium mobility results post
gypsum depletion implied a futuristic scenario of increased radium leachability and release from
underwater deposited tailings upon development of acidic conditions. In shdlow water and in
the absence of an oxygen consuming cover layer or barrier such as organic rich sediments, the
surface at the tailings - water interface is subjected to well oxygenated water and is thus
amenable to oxidation and acidification. In the presence of gypsum, the radium mobility and
rdease are limited and controlled by gypsum dissolution irrespective of tailings oxidation.
However, post gypsum dissolution and depletion, further oxidation and acidification of tailings
may lead to increased release of radium isotopes to both surface and ground water regimes.
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This scenario may occur many years past decommissioning and monitoring phases, and should
be given due consderation in environmenta impact assessment and modding.

It is believed that in the fidd, the natural dkdinity of run-off water and gradua development of
an organic cover layer a the surface of the submerged talings may play a sgnificant role in
contralling the surface oxidation and acidification of the tailings, and hence radium drainage.
Additiona leaching tests usng naturd lake water and an organic cover layer on gypsum
depleted submerged tailings will further improve the understanding of radium dissolution and its

partitioning dynamics amongst various solid-liquid phases.

3.3.3 Crushed Waste Rock

3331 Group - 4: Un-oxidized Crushed Waste Rock

(Unsaturated Conditions)
The leaching results for the three types of crushed waste rock (particle sze - 2.0 mm) are given
in Appendices J, K, and L, Tables J1-3) to L(1-3) and in Figures J1-16) to L(1-16),
respectively, for medium (NNP = -10.7 kg CaCOg/tonne), high (NNP = -17.8 kg
CaCOg/tonne) and low (NNP = +13.8 kg CaCOg/tonne) acid generating waste rock. As

mentioned previoudy in the experimental method section, the waste rock was only leached
under unsaturated conditions, Smilar to those for the two types of talings, and the drainage
effluent monitored smilarly. The study period lasted for four and a quarter years, during that
time each column receved an average of 104 | of naturd lake water for leaching/rinang
puposes and produced a cumulaive effluent  volume of  goproximady
761.

The leaching characteristics of the waste rock varied according to its neutrdization potentia and
were different for the three waste rock sub-groups. For both medium (columns #25 and 26)
and low (columns #29 and 30) acid generating waste rock, no acidic drainage was observed
during the entire study period, athough their net neutrdization potentiads (NNPs) were on
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different Sdes of the scde, as mentioned above. The leaching characteristics were quite Smilar
to those of coarse tailings mixed with 7.5 % pulverized limestone (columns #20 and 21), as well
the results indicated that oxidation, acid generation and neutraization processes were al active
within these waste rock sub-groups. For the waste rock with a high acid generation potentia
(columns #27 and 28), no acidic drainage was observed during the first three years of the study.
The occurrence of acidic drainage darted at the end of the third year and severe acidic
conditions prevailed theregfter. The leaching characteristics of the high acid generating waste
rock resembled those of coarse tailings mixed with 7.5 % coarse limestone where severe acidic
drainage conditions developed after two years of leaching. The detalled results for the waste
rock sub-groups are given below. Because of amilarities between coarse tailings and wagte
rock sub-groups, greater details are discussed only where significant differences existed among

them.

3.3.3.1.1 Group -4 Un-oxidized Crushed Waste Rock with Medium Acid Generation
Potential (NNP = -10.7 kg CaCOz3/tonne, Columns #25 and 26)

The leaching characterigtics of the medium acid generating waste rock are shown in Figures J-1
to J16 (Appendix J) for concentration profiles, and in Figures 210 - 230, for effluent loading
rates and cumulative mass or Ra-226 activity remova profiles respectively. As shown in Table
16, the acid-base accounting components of the medium acid generating waste rock were: total

sulphur (as S) 0.82 %, equivaent total acid generation potential 25.77 kg CaCOg/tonne, total
neutraization potentia equivaent 15.06 kg CaCOz/tonne and net neutrdization potential of -
10.7 kg CaCOqftonne. As mentioned previoudy, the waste rock did not produce any acidic

drainage during the four year study period.

pH, Eh and Ec:

The drainage effluent pH, Eh and Ec profiles for the medium acid generating waste rock are
given, respectively, in Figures 210 - 212. Throughout the study period, the effluents were near
neutra to dightly dkaine with pH's in the range of ~ 7.2 to 8.0 (Figure 210). The column
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average effluent Eh increased from 300 mV to 400 mV during the initid Sx month period,
remained farly uniform at gpproximatey 400 mV for the next two years, and afterwards
increased gradudly to approximately 500 mV (Figure 211). The effluent EC' s increased dightly
during the first few months of the study, from 200 to 600 n/cm peak, and decreased dowly to
gpproximately 400 n§cm in another few months.  After the introduction of the batch leaching
scheme in the second year, EC’s increased rapidly to a pesk range of 1400 - 1700 n&cm and
decreased dightly afterwards to a constant column average conductance of approximately 1250
n&/cm. Similar to coarse tailings mixed with wet ground limestone (columns #20 and 21), the
effluent Ec was derived and controlled by gypsum formation and its dissolution (Figure 212).

Acidity and Alkalinity:

The drainage effluent acidity and dkdinity profiles for the medium acid generating waste rock
are shown in Figures J}4 and J-5, respectively, and in Figures 213-214 for effluent acidity and
dkdinity loading rates. The effluents had no acidities and were dightly dkdine. The column
average effluent acidity and acidity loading rates were zero throughout the leaching period,
except for one composte sample where the measured values were, respectively, 18 mg

CaCO3/l and 170 ng CaCOgz/kg tailings/day (Figures J-4 and 213).

The column average effluent dkainity and dkdinity loading rates increased dightly from initid
values of 100 mg CaCOg/l and 400 ng CaCO3z/kg talings/day to pesk values of gpproximetely

160 mg CaCOg/l and 700 ng CaCO3/kg talings/day in the second year after the introduction
of the batch leaching schedule, and decreased afterwards to uniform ranges of 60 - 70 mg
CaCO3/l and 200 - 300 ng CaCOgz/kg talings/day, respectively (Figures J-5 and 214).
Similar to columns #20 and 21, coarse tailings with wet ground limestone, the effluent akainity
was produced by the dissolution of carbonate minerals present in the waste rock.
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Sulphate and Iron:

The sulphate and iron leaching profiles for the medium acid generating waste rock are shown,
respectively, in figures J6 and J-7 for concentrations, and in Figures 215 - 217, respectively,
for effluent sulphate loading rates, sulphate mass remova characteristics and iron loading rates.

The drainage effluent sulphate concentrations increased, after the introduction of the batch
leaching scheme, from an initid range of ~ 100 - 120 mg/l to 600 - 800 mg/l, during the first
year that followed and remained fairly uniform theresfter (Figure J6). The corresponding
sulphate loading rates increased from column average loading rate of approximately 500 to
2500 ng SO,? /kg tailinggday (Figure 215). During the four year study period, the column
average cumulative sulphate production/remova (loading) was caculated as 2.9 g SO, /kg
tailings or approximately 11.9 % of total sulphur (as SO,?) contained in the medium acid
generating waste rock. Mogt of the sulphate drainage resulted from complete acid
neutraization by the available limestone akalinity in the waste rock during the study period.

The results indicated that although some oxidation was taking place within the waste rock
samples(as seen above from sulphate and Ec results), the available dkdinity provided complete
acid neutraization preventing acidic drainage and release of iron and other metals. The effluent
iron concentrations were below detection levels, < 0.01, to very low <0.05 mg/l, with negligible
loading rates (Figures -7 and 217).

Calcium and M agnesium:

The drainage effluent cacium and magnesum profiles are shown, respectively, in Figures J-8
and J-9 for concentrations, in Figures 218 and 220 for effluent loading rates, and in Figures 219

and 221 for cumulative mass remova characteristics.

Smilar to coarse tallings mixed with wet ground and pulverized limestone (columns #20 and
21), the effluent Ca, SO, and Ec leaching profiles were similar, gypsum derived and
controlled by its dissolution. The effluent calcium concentrations increased gradudly after the
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introduction of the batch leaching schedule, from an initid range of ~ 30 - 80 mg/l to nearly
congtant drainage range of 300 - 400 mg/l, and were below the gypsum saturation limit of
approximately 600 mg/l. The corresponding effluent loading rates increased from approximately
250 g Calkg tailings/day at the beginning of the experiment to 1200 ng Calkg tailings'day near
the end of the sudy period. The column average cumulative cacium production/remova
(loading) during the study period was cdculated as approximately 1.4 g Calkg tailings or 30 %
of tota cacium contained in the waste rock.

Soichiometricdly, approximately 1.2 g Calkg tailings or 25 % g tota cacium contained in the
wadte rock was mohilized as a direct result of limestone neutraization and gypsum drainage.
Because the effluents were not saturated with respect to gypsum, the average acid production
or limestone neutrdization rate was caculated as approximately 2600 nmg CaCO3/kg

tallings/day equivaent from gypsum formation and itsrelease. Theoreticaly at 100 % limestone
neutradization efficiency, the available dkdinity in the medium acid generating waste rock would
be sufficient for gpproximately 12 to 15 years of acid neutralization, corresponding to oxidation
of 60 % of totd sulphur contained in the waste rock. Thus, acidic drainage from such a waste
rock would occur after gpproximately 12 years of exposure in a vertical pile configuration,
smilar to the column arrangement, where the drainage occurs only from the bottom. The waste
rock, however, may produce acidic drainage early, depending upon the geometry of the waste
rock pile and efficiency of the limestone neutrdization.

The effluent magnesum concentration and loading rate profiles were also smilar to those for the
coarse tallings - wet ground limestone mixture. The column average magnesum concentrations
pesked a ~ 4 mg/l during the firgt three months of leaching, then increased dowly near the end
of the second year, and decreased afterwards to approximately 2 mg/l (Figure J9). The
corresponding column average magnesum loading rates were between 20 - 25 ng Mg/kg
tallings/day in the peak regions and approximately 5 - 6 ng Mg/kg talingsday dsawhere.
During the experimental period, the cumulative tota magnesium drainage was cdculated as
goproximately 13 mg Mg/kg talings or 0.8 % of the total magnesum contained in the waste
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rock. The cumulaive removd of magnesum was sgnificantly less than that of cdcium during
the same leaching period.

Aluminum and M anganese:

The drainage effluent duminum and manganese profiles are shown, respectivey in Figures J-10
and J11 for concentrations and in Figures 222-223 for loading rates. Similar to iron, the
effluent duminum concentrations were low and less than 0.2 mg/l throughout the study period.
The corresponding effluent duminum loading rates were dso low and less than 1 ng Al/kg
tallings/day, except near the end of the study period where they increased dightly to 2 ng Al/kg
taillings/day (Figures J-10 and 223).

The effluent manganese concentrations were dightly eevated at the beginning of the study
period, intherange of ~ 1 - 2 mg/l, which increased to peak manganese drainage in the range of
2 - 4 mg/l with the implementation of the batch leaching schedule. Manganese drainage dowly
decreased to below detection after the second year, except one isolated instance where the
concentration in one of the columns (column #26) was 16 mg/l (Figure J11). The
corresponding effluent manganese loading rates were aso low, and during the first year varied in
the range of 2 - 15 ng Mn/kg talings/day (Figure 223). Because of low drainage rates for
auminum and manganese, no cumulative effluent loadings and metd removas were cal culated.

Uranium, Thorium and L ead:

The leaching characterigtics of uranium, thorium and lead for the medium acid generating waste
rock are shown, respectively, in Figures J-12 to J-14 for concentrations, in Figures 224, 226
and 227 for effluent loading rates, and in Figure 225 for cumulative uranium remova profile.

The effluent uranium concentrations increased gradudly in the firgt year, from below detection
levels, < 0.02 mg/l, to peak levelsin the column average range of 3 - 5 mg/l in the second year
of the study, and decreased afterward to 1 - 2 mg/l. The effluent loading rates increased
correspondingly to column average range of 15 - 20 g U/Kg tailings/day and then decreased to
approximately 7 - 8 ng U/kg talingsday. The column average cumulative uranium dranage
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was caculated as gpproximatdy 15 mg U/kg tailings or 20 % of totd uranium contained in the
wadte rock. Although the waste rock did not produce any acidic drainage, there was significant
mohbilization of uranium after the introduction of the batch leaching schedule (Figures J12 and
224).

In the absence of acidic drainage, the effluent thorium and lead concentrations and loadings
were below detection levels(Figures J-13, J14, 226 and 227).

Other MetalsCe, Cu, Ni and Zn:
The leaching characteristics of other metds, Ce, Cu, Ni and Zn, are givenin Table J1. Similar

to iron, thorium and lead, mobilization and drainage of Ce, Cu, Ni and Zn were not observed
for the medium acid generating waste rock.

The leaching characteristics of radium-226 for the medium acid generating waste rock are
shown, respectively, in Figure J-15 for concentrations and in Figures 228 and 229 for effluent
loading rates and cumulative remova profiles.

Initialy, during the first year, the effluent Ra-226 concentrations were practicaly congtant in the
range of 80 - 120 mBg/l, which increased &fter the implementation of the batch leaching
schedule to approximately 200 mBg/l pesks. Near the end of the second year, Ra226
concentrations again increased dowly from 50 mBg/l to a range of gpproximately 200 - 300
mBq/l during the rest of the study period (Figure J11). The corresponding effluent Ra-226
loading rates increased from gpproximately 0.5 to 1.5 mBqg Ra-226/kg taillingg/day. During the
entire study period, the column average cumulative Ra226 drainage was cdculated as
gpproximately 1020 mBg/kg tailings or less than 0.04 % of tota Ra-226 contained in the waste
rock. Thus in the absence of acidic drainage from the medium acid generating waste rock, the
mobility of Ra226 was very low and controlled by dissolved gypsum. Similar results were
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obtained for the two unsaturated tailings groups, coarse and totd mill tallings mixed with

limestone, where acidic drainages were aso absent.

3.3.3.1.2 Group -4: Un-oxidized Crushed Waste Rock with High Acid Generation
Potential (NNP = -17.8 kg CaCO3/tonne, Columns #27 and 28)

The leaching characterigtics of the high acid generating waste rock are shown in Figure K-1 to
K-16 (Appendix K) for concentrations, and in Figures 231 - 257, for effluent loading rates and
cumulative mass or activity (Ra-226) remova profiles, respectively. As shown in Table 17, the
acid base accounting components of the high acid generating waste rock were: totd sulphur (as
S) 0.86 %, equivalent total acid generation potentid (AP) 26.34 kg CaCOg/tonne, total
neutralization potentia (NP) equivaent 8.5 kg CaCOg/tonne, and net neutrdization potential
(NNP) of -17.8 kg CaCOg/tonne. As mentioned previoudy, this waste rock produced highly

acidic drainage near the end of the third year of the sudy. The detalled results are asfollows:

pH, Eh and Ec:
Figures 231 - 233, show, respectively the pH, Eh and Ec profiles for the high acid generating

waste rock sub-group, where the leaching characteristics were smilar to those for coarse
tallings mixed with coarse limestone (columns #18 and 19). During the firgt three years, the
effluent pH's were near neutra to dightly akaline ~ 7.5 - 8, which decreased very rapidly to a
range of ~ 2.0 - 2.5 at the beginning of the fourth year with the start of a severe acidic drainage
(Figure 231). The acidic drainage appeared early from column #28 and three months later
from column #27. Similarly, a the on-st of acidic drainage, the effluent Eh's increased from
gpproximately 400 mV to arange of ~ 750 - 800 mV and were reflective of severe oxidation
and mohilization of iron (Figure 232). During the same period, the eectricd conductances,
Ec’s, increased from column average range of 300 - 800 n5cm in the neutrd effluents to 6000
- 8000 n&cm with the acidic drainage having pesk conductances of gpproximately 9500 m
S/cm, which were observed after trangition to acidic conditions had been complete (December

1992), as seen from pH and Eh results.
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Acidity and Alkalinity:
The effluent acidity and dkalinity profiles are shown, respectively, in Figures K-4 and K-5 for

concentrations, in Figures 234 and 236 for effluent loading rates and in Figure 235 for
cumulative acidity production. The effluent acidities were zero or absent (neutrd to dkaine
effluents) for the first three years and increased very rapidly, with the on-set of acidic drainage,
to peak acidities in the range of ~ 18,000 - 20,000 mg CaCOg/l, decreasing afterwards to
column average acidity of approximately 7000 mg CaCOz/l. The corresponding acidity loading
rates were 60,000 - 65,000 and 30,000 mg CaCO3/kg tallings/day, respectively (Figures K-4
and 234). With the occurrence of the acidic drainage at the beginning of the fourth year and
during the balance of the study period, a column average cumulative acidity production/loading
was calculated as approximately 13.9 g CaCOg/kg waste rock or 53 % of tota acidic
generation potentiadl of the waste rock.  Although, the waste rock contained lower
concentrations of sulphide (pyrite) and avalable limestone akalinity than coarse talings, its

reectivity was higher than that of coarse tailings mixed with coarse limestone fraction (columns

#18 and 19).

The effluent dkainities increased initidly from arange of ~ 30 - 50 mg/l to pesk concentrations
of gpproximately 150 mg/l during the first year, and decreased dowly to zero at the on-set of
acidic drainage (Figure K-5). The corresponding columns average akalinity production rates
were in the range of 200 to 600 ng CaCO3z/kg waste rock/day equivaents, respectively.
Similar to coarse tallings, the adkdinity was being produced by the dissolution of carbonate
minerals. During the dkaline drainage period of initid three years, the corresponding cumulative
akainity production was calculated as 0.44 g CaCOg/kg waste rock or approximately 3 % of

total neutraization potential of the waste rock.

Sulphate and Iron:
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The leaching and mobilization characteristics of sulphate and iron for the high acid generating
wagte rock are shown, respectively, in Figures K-6 and K-7 for effluent concentrations, in
Figures 237 and 239 for effluent loading rates and in Figures 238 and 240 for cumulative mass
removal profiles, respectively.

The column average effluent sulphate concentration increased from an initid range of 80 - 100
mg/l, firs gradualy and then very rgpidly with the occurrence of the acidic drainage, to a pesk
vaue of gpproximately 20,000 mg/l (average 16,000 mg/l). Near the end of the study period,
the sulphate concentration decreased to gpproximately 8,000 mg/l. The corresponding effluent
sulphate loading rates were 70,000 (60,000 average) at the pesk and 38,000 ng SO,? /kg
waste rock/day near the end of the study period. For the duration of the study period, the
column average cumulaive sulphate productionremova (loading) was cdculated as
approximately 15.4 g SO, /kg waste rock or 60 % of the total sulphur contained in the waste
rock. Smilar to tota acidity, the corresponding sulphate production rate for the high acid
generating waste rock sub-group was very sgnificant, most of it resulting from oxidation and
acid generation.

The effluent iron concentrations were zero to below detection levels, <0.01 mg/l, prior to the
occurrence of the acidic drainage, and increased very rapidly in the acidic effluent to pesk
vaues in the range of ~ 7000 - 9000 mg/l (column average 6000 mg/l) during the fourth year
of the sudy. The corresponding column average effluent iron loading rates were in the range of
20,000 - 25,000 ng Felkg waste rock/day. The caculated totd iron loading or cumulative iron
production/removal during the acidic drainage period monitored was ~ 4.6 g Felkg waste rock
or 31 % of tota iron contained in the waste rock. The iron mobilization and release were also

high for the waste rock.

Calcium and M agnesium:
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The leaching characterigics of cdcium and magnesum are shown, respectively, in
Figures K-8 and K-9 for concentrations, in Figures 241 and 243 for effluent loading rates, and
in Figures 242 and 244 for cumulative meta removd profiles, respectively.

The effluent cdcium concentrations for the high generating waste rock increased gradudly
during the initid two and a haf years period, from approximately 50 mg/l to 200 mg/l, then very
rgpidly to pesk cacium concentrations in the range of 800 - 900 mg/l (column average
approximately 750 mg/l) near the on-set of the acidic drainage. At the end of the study period,
the column average cacium concentration had decreased to 400 mg/l. The effluent calcium
concentration peaks were concurrent with trangition to acidic pH's, and their occurrences
preceded those of iron and sulphate pesks by approximately sx months. The corresponding
column average effluent calcium loading rate increased from an initid range of 250 - 750 ng Ca
/kg waste rock/day to a peak value of 3200 ng Ca/kg waste rock/day. During the entire study
period, the column average cumulative calcium production/remova (loading) was cadculated as
gpproximately 1.59 g Calkg wagte rock or 59 % of total calcium contained in the waste rock.
Mogt of the effluent calcium resulted from acid neutraization within the waste rock.

Prior to the on-set of acidic drainage (gpproximately June 1992), the effluent cacium drainage
resulted from complete neutrdization of the acid produced and formation of gypsum. At the
peek concentration, the effluent was saturated with respect to gypsum and cacium
concentration was controlled by gypsum dissolution. Using the observed cacium loading rates,
the totd limestone neutrdization, prior to the occurrence of the acidic drainage from the waste
rock, was calculated as approximately 2 g CaCO; (0.8 g Ca)/kg waste rock or 24 % of tota
limestone akalinity present in the waste rock. Thus, Smilar to coarse tailings without and with
added limestone (coarse), the acidic drainage from the occurred before complete utilization of
the available dkdinity.

The effluent magnesum profiles were smilar to those for sulphete and cadcium, where Mg
concentrations increased dowly at the beginning from arange of ~ 1 - 5 mg/l, and then rapidly
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with the on-set of acidic drainage to pesk vaues in the range of 70 - 80 mg/l (column average
70 mg/l). Near the end of the study period, the column average magnesium concentration was
gpproximately 50 mg/l (Figure K-9). It should be noted that magnesium concentration peaks
were concurrent with those of sulphate and iron, and were preceded calcium by gpproximately
gx months. The corresponding effluent magnesium loading rates were in the range of ~ 10 - 30
ngy Mg/kg waste rock/day before acidic drainage, ~ 250 - 300 at the peak concentrations , and
160 - 200 ng Mgkg waste rock/day near the end of the study. The column average
cumulative magnesium production/remova (loading) during the study period was caculated as
approximately 0.08 g Mg/kg waste rock or 6.5 % of totd magnesum contained in the waste
rock. The reectivity of avalable magnesum akalinity was less than that of cacium in the high
acid generating waste rock.  This result differed from that of coarse tailings mixed with coarse

limestone, where magnesum remova was higher.

Aluminum and M anganese:

The effluent duminum and manganese profiles are shown in Figures K-10 and K-11 for
concentrations, in Figures 245 and 247 for effluent loading rates, and in Figures 246 and 248
for cumulative mass remova characteritics, respectively.

The effluent duminum profiles were amilar to those for iron, where duminum concentrations
increased from below detection levels, <0.03 mgl/l, to a peak range of ~ 350 - 400 mg/l with
the acidic drainage, and then decreased to gpproximately 200 mg/l near the end of the study
period. The corresponding column average effluent loading rates were less than 0.5 g Al/kg
waste rock/day at the beginning, 1600-1800 near the peak drainage and 600-800 ng Al/kg
wadte rock/day near the end of the study. During the acidic drainage period monitored, the
column average cumulaive duminum productionremova (loading) was cdculated as
gpproximately 0.33 g Al/kg waste rock or 0.8 % of tota duminum contained in the waste rock.
Similar to coarse tailings, the mobilization of auminum with the acidic drainage was ado limited

in the waste rock.
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The effluent manganese profiles resembled those of cadcium, where Mn concentrations
increased dowly at the beginning in the range of 0.1 - 0.5 mg/l, then rgpidly to peak vaues of
approximately 40 - 50 mg/l at the on-set of acidic drainage, and decreased to 5 - 8 mg/l range
near the end of the study period. The effluent loading rates, smilarly, increased to column
average peak loading rate of gpproximately 150 ng Mn/kg waste rock/day and decreased
rapidly to 20 ng Mn/kg waste rock/day afterwards. The corresponding column average
cumulative manganese production/remova (loading) during the study period was caculated as
approximately 64 mg Mn/kg waste rock or 69 % of total manganese contained in the waste
rock. Similar to coarse tallings-coarse limestone, the cumulative manganese remova with the

acidic drainage was a0 high for the waste rock.

Uranium, Thorium and L ead:

The leaching characterigtics of uranium, thorium and lead for the high acid generating waste rock
are shown, respectively, in Figures K-12 to K-14, for concentrations, in Figures 249, 251 and
253 for effluent loading rates, and in Figures 250, 252 and 254 for cumulative mass removal

profiles, respectively.

The effluent uranium and thorium leaching characterigtics were very smilar to those of iron and
auminum, where dl of them were sgnificantly mobilized with the acidic drainage.  Uranium
concentrations in the effluents increased from below detection levels, <0.2 mg/l, at the beginning
of the experiment to 1 - 5 mg/l in the neutrd effluents, to peak concentrations in the range of
150 - 200 mg/l (column average 150 mg/l) with the acidic drainage, and then decreased to 10 -
20 mg/l range near the end of the experiment
(Figure K-12). The corresponding column average effluent loading rates were, ~ 550 ng U/kg
waste rock/day near the peak drainage and approximately 50 ng U/kg waste rock/day near the
end of the study period. During the entire study period, a column average cumulative
production/remova (loading) of uranium was caculated a

~ 0.10 g U/kg waste rock or approximately 88 % of tota uranium contained in the waste
rock. As mentioned in the analyticd section, because of high uranium detection limit using the
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ICAP-AES, the mass baance for uranium was not very accurate. Nonetheless, the mobility of
uranium was very high in the high acid generating waste rock with the occurrence of the acidic
drainage.

The thorium results were dightly different than those for uranium, where thorium mobility and
release were entirely associated with the acidic drainage. Thorium concentrations in the effluent
increased with the acidity, from below detection levels, <0.05 mg/l, to pesk leves in the range
of 200 - 300 mg/l and decreased to 5 - 10 mg/l near the end of the study period (Figure K-
13). The corresponding column average effluent loading rates were, respectively, 1000 and
200 mg Th/kg waste rock/day at the peak drainage and afterwards. During the acidic drainage
period monitored, the cumulative thorium production/remova (loading) was cadculated as ~
0.18 g Th/kg waste rock or 83 % of total thorium contained in the waste rock. Similar to
uranium, the thorium mobility and release were dso high with the acidic drainage in the waste

rock.

Smilarly, the effluent lead concentrations increased with the acidic dranage from below
detection levels, <0.06 mg/l, to peak concentrations in the range of ~ 2 - 3 mg/l and decreased
to 0.5 mg/l levd near the end of the study period. The effluent lead loading rates were,
correspondingly, 12 - 15 ng Pbkg waste rock/day a the peak drainage and
~ 1 - 2 ng Po/kg waste rock/day near the end of the study period. With the acidic drainage, a
column average cumulative lead production/remova (loading) was cdculated as 1.8 mg P/kg
wagte rock or 1.8 % of tota lead contained in the waste rock. Similar to coarse tailings, the

lead mohility with the acidic drainage was low for the acid generating waste rock as well.

Other metals Ce, Cu, Ni and Zn:

The leaching characterigtics of Ce, Cu, Ni and Zn for the high acidic generating waste rock are
given in Table K-1 and were smilar to those of iron, duminum and thorium where the metd
releases were entirely caused by the acidic drainage. In the acidic effluents, the concentration
pesks for these metds  were respectively, 50 mgl for Ce
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12 mg/l for Cu, 10 mg/l for Ni and 10 mg/l for Zn. Similar to coarse tailings, the mobilities of
these metas with the acidic drainage were significantly high.

Ra-226:
Ra-226 leaching characterigtics for the high acid generating waste rock are shown in Figure K-
15 for concentrations (activities), and in Figures 255 and 256, respectively, for effluent loading

rates and cumulative Ra-226 remova profiles.

The leaching profiles for Ra-226 for the waste rock were different than those for coarse tailings
without or mixed with limestone, where for the high acid generating waste rock and in the
absence of gypsum, the effluent Ra-226 concentrations aso increased with the acidic drainage.
In the neutrdl to dightly akaine effluents, Ra-226 concentrations increased from an initid range
of ~ 100 - 300 mBq/ to approximately 500 mBg/l, which increased with the acidic drainage to
peak concentrations of 1000 - 2000 mBg/l (column average 1000 mBg/l) and then decreased
rgpidly to 200 - 300 mBg/l range near the end of the study period (Figure K-15). Similarly, the
effluent Ra-226 loading rates increased from arange of ~ 0.5 - 1.0 mBg/kg waste rock/day to
pesk rates of ~ 4 - 8 mBgkg waste rock/day. The column average cumulative
production/remova (loading) of Ra226 during the entire study period was calculated as
gpproximately 2200 mBg/kg waste rock or 0.08 % of the tota Ra-226 contained in the high
acid generating waste rock.  Similar to medium acid generating waste rock and coarse tailings,

Ra-226 mobility and release in the present case were dso very low.

3.3.3.1.3 Group - 4. Un-oxidized Crushed Waste Rock with Low Acid Generation
Potential (NNP = +13.8 kg CaCOs/tonne, Columns #29 and 30)

The leaching results for the low acid generating waste rock (columns #29 and 30) are given in

Tables L-1 to L-3 (Appendix L). The characterigtics are shown in Figures L-1 to L-16 for

concentration profiles, and in Figures 258 - 278 for effluent loading rates, and cumulative mass

or activity (Ra-226) removd profiles. The acid base accounting components of the low acid

generating waste rock were:  totd sulphur (as S) 0.42 %, equivdent totd acid generation
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potential (AP), 13.01 kg CaCOs/tonne, total neutrdization potentid (NP) equivaent, 26.82 kg
CaCOgftonne and net neutralization potential (NNP) of +13.8 kg CaCOs/tonne (Table 18).
Similar to the medium acid generating waste rock, the low acid generating waste rock sub-
group did not produce any acidic drainage during the four year study period, and the parametric
profiles for the two waste rock sub-groups were quite Smilar. The description of results and

discussions are thus limited to key feetures of this group.

pH, Eh and Ec:

The drainage effluents for the low acid generating waste rock were dightly akaline with pH'sin
the range 7.5 - 8 for the entire study period (Figure 258). The Eh's increased from
approximately 300 mV at the beginning to 500 mV near the end of the study period (Figure
259). During the same time, the eectrica conductances, EC's, increased first gradudly and then
rapidly from approximately 250 to 500 n/cm, then to peak conductances of 1500 - 2200
n&/cm in the second year, decreasing afterwards to 1000 n&/cm leve (Figure 260) near the
end of the dudy period. The effluent was mostly controlled by gypsum formetion in the
limestone neutralization process and its subsequent dissolution.

Acidity and Alkalinity:

The effluent acidities were zero throughout the experimenta period of four years
(Figure 261). The dkdinities increased initidly during the first year from arange of ~ 50 - 60
mg CaCOs/l to 120 - 150 mg CaCOy/l, then decreased to uniform akainity levels of 70 - 80
mg CaCOs/l. Similar to medium acid generating waste rock (columns #25 and 26) and coarse
tallings mixed with limestone, the effluent akalinities resulted from dissolution of carbonate
minerds contained in the waste rock (Figure 262).

Sulphate and Iron:

Similar to Ec, the effluent sulphate concentrations were controlled by gypsum formation and its
dissolution, and increased from arange of 100 - 200 mg/l during the first year to pesk sulphate
drainagein therange of 700 - 1300 mg/l, decreasing afterwards to 400 - 600 mg/l levd (Figure
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L-6). The corresponding column average effluent sulphate loading rates were gpproximately
500 ny SO, ?/kg waste rock/day at the beginning, 2500 - 4000 near the pesk drainage and
approximately 1500 g SO, %/kg waste rock/day at the end of the study period (Figure 263 and
264). The column average cumulative sulphate production/remova (loading) during the study
period was caculated as 2.4 g SO, %/kg waste rock or 19 % of total sulphur contained in the
wadte rock. The cumulative sulphate loading of 2.4 g SO, %kg waste rock for the low acid
generating waste rock was comparable to that for medium acid generating waste rock, 2.9 g
SO,?/kg waste rock, and indicated active oxidation, acid generation neutralization processes
within the two sub-groups.

The effluent iron concentrations were generdly below detection levels, < 0.01 mg/l, except in
few instances where they were between 0.02 - 0.14 mg/| for one column (#29) at the beginning
of the leaching period (Figure L-7). The corresponding effluent loading rates were insgnificantly
smal (Figure 265).

Calcium and Magnesium:

Smilar to Ec and sulphate, the effluent cacium concentrations (Figure L-8) increased dowly
during the first year from 20 to 100 mg/l, then rapidly to pesk cacium drainage range of 350 -
500 mg/l and decreased afterwards, in the third year, to 200 - 300 mg/l range. The
corresponding column average cacium loading rates were, respectively, between 100 - 400 ng
Calkg waste rock/day at the beginning, 1200 - 1700 in the peak drainage region and 700 -
1000 ng Calkg waste rock/day near the end of the study period (Figure 266 and 267). The
column average cumulative cacium production/remova (loading) was cdculated as ~ 1.2 g
Calkg waste rock or gpproximately 11.6 % of total cacium contained in the waste rock.
Because of acid neutrdization, gypsum formation and its dissolution, the effluent cumulative
cacium loadings for low and medium acid generating waste rock  comparable.

The effluent calcium profiles dearly indicated ongoing oxidation, acid generation and complete
neutralization processes within the waste rock. The effluents were dso not saturated with
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respect to gypsum and most of cacium and sulphate resulted from limestone neutrdization. As
seen from akalinity profiles, smal amounts of cacium drainage, estimated to be approximatdy
0.6 g CaCO; or 0.2 g Calkg waste rock, were produced by limestone dissolution. The baance
of cadcum and total sulphate loadings were then in stoichiometric equivdent compostions
corresponding to gypsum dissolution.

Similar to the medium acid generating waste rock, the observed effluent calcium loading rates
were used to cdculate the average acid generation and hence limestone neutraization rates,
which were obtained as 2250 ng CaCO; or 900 ngy Calkg waste rock/day. Thus for low acid
generding waste rock, the totd available dkainity was theoreticdly sufficient for 33 years of
acid neutraization at 100 % limestone neutraization efficiency. At the above cadculated acid
generdion rate, the total sulphur contained in the waste rock would be oxidized and mobilized
within the first twenty years at an estimated rate of 5 % total sulphur/year. Thus the low acid
generaing waste rock, a 100 % neutradization efficiency, should not produce any acidic
drainage. At lower neutraization efficiencies, however, acidic drainage may occur a some time
in the future. The observed limestone neutraization efficiencies for high acid producing waste
rock and tailings have seldom exceeded 25 % of the available dkadinity. It remainsto be seen if
the low acid generating waste rock would produce acidic drainage in the future, and further
monitoring of these columns may be necessary.

The effluent magnesium concentrations (Figure L-7) increased in the first year to peak drainages
of approximately 8 mg/l, then decreased to a range of ~ 2 - 3 mg/l, and increased again to
second drainage peaks, in the range of ~ 5 - 8 mg/l, near the end of the second year.
Afterwards, the concentrations decreased gradually to arange of ~ 1 - 2 mg/l near the end of
the sudy period. The effluent magnesum and calcium profiles were complimentary in indicating

active oxidation-neutralization processes.

The corresponding effluent magnesium loading rates were, respectively, a 30 and 20 ng Mg/kg
waste rock/day for the two peak regions and approximately 8 ng Mg/kg waste rock/day
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elsawhere. The column average cumulative production/remova (loading) of magnesum was
caculated as ~ 0.02 g Mg/kg waste rock or approximately 0.4 % of tota magnesium contained
in the waste rock. Similar to the medium acid generating waste rock, the cumulative remova of
magnesium was considerably lower than that of cacium (Figures 268 and 269).

Aluminum and M anganese:

For the low acid generating waste rock, a minor amount of auminum drainage was observed,
athough the effluent pH's were dightly akaine (Figures L-10 and 270). The effluent duminum
concentrations were low and varied between 0.1 - 0.4 mg/l with corresponding loading ratesin
the range of 0.5 - 1.0 ng Al/kg waste rock/day.

The effluent manganese concentrations and loadings were dso low and were in the ranges 0.1 -
0.6 mg/l and 1 - 2 ng Mn/kg waste rock/day, respectively. Similar to cacium and magnesium,
the manganese drainage substantiated ongoing oxidation-neutraization processes within the low
acid generating waste rock (FiguresL-11 and 271).

Uranium, Thorium and L ead:

Similar to the medium acid generating waste rock, the effluent uranium concentrations (Figure L-
11) increased from the initid low levels of <0.2 mg/l to 4 - 5 mg/l peak drainage and then
decreased dowly to ~ 2 mg/l near the end of the study period. Similarly, the column average
effluent loading rates increased from a very low drainage to 20 - 25 ng U/kg waste rock/day
near the peak region and between 8 - 10 ng U/kg wagte rock/day afterwards. In the adkaine
effluent, and with carbonate buffering, the column average effluent uranium loading or cumulative
uranium production/removal rock during the study period was caculated as ~ 16 mg U/kg
wadte rock or 32 % of the tota uranium contained in the waste. Similar to the medium acid
generdting waste rock, significant amount of uranium in the present case was mobilized, even

though in both cases acidic drainages were absent (Figures 272 and 273).
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For the low acid generating waste rock, no mobilization of thorium and lead was observed
during the study period, as seen from Figures L-13, L-14, 274 and 275.

Other MetalsCe, Cu, Ni and Zn:

The leaching characterigtics of other metas, Ce, Cu, Ni and Zn are given, together with other
water quaity results, in Tables L-1 and L-2 (Appendix L). Similar to iron, duminum, thorium
and lead, there was no mobilization of Ce, Cu, Ni and Zn, in the absence of acidic drainage
from the low acid generating waste rock.

The leaching characteristics of Ra-226 for the low acid generating waste rock are shown in
Figure L-15 for concentrations (activities) and in Figures 276 and 277 for effluent loading rates
and cumulative Ra-226 remova profiles, respectively.

The column average effluent Ra-226 concentrations increased dightly from an initid range of ~
100 - 200 mBq/! to peak drainages between 300 - 450 mBg/| near the end of thefirst year, and
then decreased to a range of ~ 100 - 150 mBg/l range. The corresponding effluent loading
rates were low and varied between 0.5 - 1.0 mBg/kg waste rock/day (Figures 276 and 277).
During the four year sudy period, the column average cumulative production/remova (loading)
of Ra-226 was calculated as approximately 1100 mBg/kg waste rock or ~ 0.06 % of total Ra-
226 activity contained in the waste rock. Thus, the mohilization and release of Ra-226 for the

low acid generating waste rock were dso low.

4. DISCUSSION

The column leaching experiments were conducted under climaticaly controlled |aboratory
conditions of warm room temperature (22 °C) and cool fluorescent lighting, providing
favourable conditions for both bacterid and chemica oxidations of sulphide minerds. Also, the
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columns were subjected to a congtant leaching schedule, designed to promote oxidation and
drainage under unsaturated conditions and high porewater flow and oxygenation for submerged
tallings. In the fidd, such conditions only exist during warm summer months where maximum
reactivity and release of oxidation reaction products takes place. The laboratory test were thus
amulations of enhanced chemicd activity and leaching conditions.

In actual field conditions there are seasond and other factors that need to be considered. For
example, for unsaturated and exposed tailings and waste rock, additiond varigbles are: diurna
surface temperature cycling, solar heating and drying, wind desiccation, freeze-thaw cycling and
frost penetration, snow cover, and spring and fall recharge events, etc. For submerged tailings
condderation should be given to wind/wave induced mixing and surface erosion, freezing of the
water cover and tailings surface, ice formation and bresk-up, and temperature dependence of
mineral solubilities etc. The laboratory results should, therefore, be weighted appropriatey
when comparing with those in the fidd under different conditions. The most useful and directly
gpplicable leaching result for a given test sample is expressed in term of an effluent loading rate,
as ng/kg talings (waste rock)/day, for various ionic species and mBg/kg talings (waste
rock)/day for radionuclides. This result could be converted easly to kg/hectarelyear for metas
and sulphate and kBg/hectarelyear for radionuclides by multiplying the corresponding column
loading rates, obtained in this study, by 3.165 and 3,165 respectively. In converting these
results it was assumed that the oxidation rate was limited by the available oxygen and hence the
exposed surface area. For other tailings and waste rock, having different sulphide and minerd
compoasitions, results normalized to unit eementa concentration should be used.

The laboratory experimenta conditions of continuous wegthering a warm temperature and
batch leaching, in comparison to those existing in the field on degree-days basis, provided a 3
fold scaled up leaching period. Therefore, one year on the laboratory scale was approximately
equivaent to three years of activity inthefidd. The unsaturated tailings and waste rock columns
were rinsed/flushed with 1 | of naturd lake water every two weeks or 26 |/year of water was
applied to each column having a surface area of 0.0165 . This corresponded to an equivaent
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annua precipitation of gpproximately 1600 mm. The average porewater drainage and hence
infiltration per column was approximately 18.75 | or 1140 mm per year, and as there was no
surface drainage, the baance, 460 mm/yea, resulted in surface evaporation. For a nomina
porosity or void volume of 33 % for the tailings, the annua infiltration depth corresponded to
3.4 m or gpproximately 3 times that of the average fidd vaue. For both, the unsaturated tailings
and wagte rock sub-groups, the temperature and drainage conditions in the laboratory thus
provided, on an actud time scale, accelerated wesathering and leaching by factors of 3.

Similarly for submerged tailings, the accderated weethering time factor of 3 gpplied equdly, but
for gypsum leaching and flushing requirements, the effluent drainage rates were high. In the
experimental columns, containing coarse tailings to a height of approximatdy 0.35 m, gypsum
was completely removed within the firgt fifty days with the gpplication of 50 | of drainage water.
In the actua field scenario, gypsum removal time may vary between 50 - 300 years, depending
upon basin surface area, hydrology, tailings tonnage and their gypsum content, etc. Thus for
submerged tailings, the Ra-226 mobilization results obtained in the laboratory would be
goplicable only after complete removad of gypsum from underwater disposed and
decommissioned tallings. Hence, appropriate judgment should be exercised when gpplying
[aboratory resultsto field cases.

Although the detailed laboratory column leaching results have been discussed for each tallings
and waste rock sub-group previoudy, a brief overview of sdient features is provided below
aong with relevant discusson.

For unsaturated tailings, the coarse tailings without additiona limestone (Control - 1) were most
amenable to oxidation and acidic drainage. These tailings drained quickly, had a high hydraulic
conductivity of 4 x 10° cm/s and hence a high ar entry vaue, and produced highly acidic
drainage within two months of the introduction of a batch leaching schedule. During the acidic
drainage period, the effluent average pH, Eh and Ec were, respectively, 1.5, 700 mV and
40,000 n&/cm. The effluent average loading rates for various species were:  gpproximately
70,000 ny CaCO; equivalent acidity, 80,000 ny
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SO,?, 25,000 ng Fe, 690 nmy Ca and 6.2 mBq Ra-226/kg talingsday. The cumulative
production/removal during the four year study period the above species were: 58.0 % of
acidity, 67.0 % of tota sulphate, 68.7 % of totd iron, 19.0 of total Caand 0.17 % of totd Ra
226 contained in the coarse tailings.

The acidic drainage caused mobilization and release of other metds and radionuclides including
Al, Mn, Mg, U, Th, Pb, Ce, Cu, Ni, Zn and various isotopes of radium (Ra-223, Ra-224 and
Ra-228, eic.). Although these tallings contained only smal amounts of akaine materids, the
acidic drainage darted prior to full consumption of the avalable limestone dkdinity. It was
edimated that at the time of acidic drainage, approximately 60 - 65 % akalinity was till present
inthetallings.

Because the initid gypsum content of these tallings was smdl, most of the calcium drainage
occurred as a result of oxidation and limestone neutraization during the first one-and-one-half

year. After that period, the calcium removal rate was smal even under severe acidic conditions.

Based on yearly average production/removal rates of acidity, iron and sulphate, obtained near
the end of the study period as ~ 13.8 % of total acidity production/iron/sulphur contents of
coarse talings, it was esimated that with the acidic drainage the Control-2 coarse tailings
(columns #16 and 17) would be completely oxidized and depleted of tota iron and sulphur in an
additiona 2.5 years (total 6.75 years) of acid generation. For Ra226, the corresponding
complete remova time was caculated as 5,000 years. This result was based on the observed
cumulative Ra-226 remova rate during the acidic drainage period, which was very smdl (0.02
% per year). Itisbdieved that this removal time for Ra-226 has been severely over-estimated
as the Ra226 removad rate post acidic drainage and pyrite depletion periods was unknown.
Additionad monitoring of Control-2 tailings would offer further ingght in the leeching of Ra-226

and other radium isotopes as pyrite depletes and acidic drainage ceases.
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At the on-set of the acidic drainage and because of mobilization and release of thorium isotopes
(Th-232, Th-230 and Th-229), there were corresponding mobilization and drainage of thorium
progeny including Ra-228, Ra-226, Ra-224 and Ra-223. At the peak acidic drainage period,
the activities of other radium isotopes because of their shorter hdf lives, were consderably
higher than that of Ra226. The results for coarse talings further showed that with the
continued acidic drainage, and in the absence of gypsum, Ra-226 |leachability decreased with
the increased acidity and sulphate concentration.

The results substantiated the well known fact that exposure of coarse tallings leads to rapid
acidic generation problem. For coarse tailings covered with a shallow water cover, the loss of
water cover and exposure of the tailings for a prolonged period of time may result in some
surface oxidation and acidification impacting the surface water qudity. Additiondly, there exits
the potentia of ferric ions introduction to the submerged talings and oxidation of pyrite in the
absence of oxygen underwater. Thus, the exposure of coarse tailings to ar for an extended
period should be avoided, otherwise consderation should be given to providing an additiona
oxygen consuming or abarrier layer at the surface of the underwater deposited tailings.

The unsaturated coarse tailings containing additiond 7.5 % (w/w) coarse limestone of screen
sze - 6.3 mm, adso oxidized and produced highly acidic drainage. The on-set of the acidic
drainage was, however, ddayed by approximately one year in comparison to coarse tailings
without additiona limestone (Control-2), where it occurred within two months of the
implementation of the batch leaching schedule.

During the acidic drainage period, the leaching characteristics of coarse tailings - coarse
limestone sub-group were smilar to those of Control-2 coarse tallings, where the effluent
average pH, Eh and Ec were, respectively, 2.5, 700 mV and 6,000 n&cm. The efluent
average loading rates were: 25,000 g CaCO; equivaent acidity, 28,000 ng SO42, 8,000 ny
Fe, 3,800 ng Ca and 7 mBq Ra-226/kg tailingg/day. The cumulative productions'removas
during the four year study period for the mgjor species were: 17% of tota acidity, 25 % of tota
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sulphur, 17 % of totd iron, 12 % of total calcium and 0.29 % of total Ra-226 contained in the
coarse talings coarse limestone mixture. The acidic drainage aso caused mobilization and
release of other condtituents including Al, Ce, Cu, Mg, Mn, Ni, Pb, Th, U, Zn and various
isotopes of radium.

The results clearly indicated that for coarse tailings mixed with coarse limestone, only less than
10 % of the available akainity was utilized before the occurrence of the acidic drainage. Thus,
the neutrdization efficiency of the coarse limestone was very low. During the acidic drainage
period, some acid neutralization was still occurring but at a reduced rate caused most probably
by decreased surface area of limestone particles and low contact time with the effluent. The
effect of gypsum and other meta hydroxides, armouring the coarse limestone particles was not
investigated in this sudy.

The unsaturated coarse tailings mixed with wet ground and pulverized limestone did not produce
any acidic drainage during the four year study period. The results indicated that oxidation was
adso taking place in this coarse tailings limestone mixture, but the acid so produced was
completely neutrdized by the findly ground limestone in combination with the increased retention
time resulting from dightly decreased hydraulic conductivity for this sub-group. The effluent was
nearly neutra to dightly akaine during the entire study period with pH of approximately 8, Eh
approximately 480 mV, and Ec 2200 n&/cm. It dso contained agppreciable amounts of
dissolved sulphate, cdcium and magnesum, resulting from acid neutrdization and gypsum
dissolution, and Ra-226. The effluent was dso saturated with respect to gypsum. The
mobilization of other oxidation related reaction products, eg. acidity, Fe, Al, Ce, Cu, Ni, Pb,
Th, U and Zn was absent or present only in trace amounts, except Mn which was present in low
concentration in the neutral effluent.

During the entire study period the cumulative productionsremovals of mgor species in the
drainege effluent, in relaion to their solid phase compositions, were: 7 % of tota sulphur, 8.8 %
of tota calcium and 0.16 % of total Ra-226 contained in the tailings.
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From the experimentdly acid generation/neutrdization rates, it was dso estimated that during the
entire sudy period approximady 13 % of totd limestone akainity present in the talings
limestone mixture was consumed. The baance 87 % available dkainity would provide further
acid neutrdization for an additiond 29 years, assuming a 100 % (full) limestone neutrdization
efficiency. The data did not permit evauation of the efficiency factor, and hence, it was not
possible to predict the occurrence of acidic drainage from coarse tailings mixed with wet ground
limestone in stoichiometricaly equivaent proportion to their totd acid generation potentid. It is,
however, dear that the benefits of such limestone additions are for limited time only.

The unsaturated total mill tailings (Control-1) without additiona limestone adso produced acidic
drainage, but it was moderate and less severe in comparison to Control-2, coarse tailings.
These tailings had a low hydraulic conductivity of 8.7 x 10° cnv/s and retained appreciable
amounts of moisture, causing reduced acid generation as well as mobilization and release of
oxidation reaction products. During the acidic drainage period, the effluent average pH, Eh and
Ec were, respectively, 3.0, 780 mV and 2500 n/cm. The effluent average loading rates were:
approximately 2100 nmy CaCO; equivaent acidity, 6000 ng SO, 2, 100 ny Fe, 1500 ng Ca and
4 mBq Ra-226/kg tailingg/day. The corresponding cumulative productions'removas during the
study period were: 3 % of tota acidity, 8 % of total sulphur, only 0.33 % of tota iron, 13.6 %
of total cacium and 0.08 % of total
Ra-226 contained in the tota tallings The acid generation rate for these talings was
gpproximately 30 - 35 times less than that for Control - 2 coarse tailings.

Similar to Control - 2 coarse tailings, the acidic drainage aso caused mobilization and release of
other metds and radionuclides: Al, Ce, Cu, Mg, Mn, Ni, Po, Th, U, Zn, Ra226 and other
isotopes of radium, but in reduced amounts.

Theoreticaly, Contral - 1 talings columns, containing tailings to a height of 0.35 m, would

continue to produce acidic drainage for another 85 years or so but at a decreased rate.
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Disposd of tailings as a homogenous mixture without segregetion of their condituent particle
gzes, i.e. pade like, would offer many advantages over the conventiond end spill durry

discharge method. Some of these are;

Low hydraulic conductivity resulting into decreased water infiltration and porewater flow,
and hence, increased surface drainage,

Increased water retention contributing to a high phrestic surface or water table, high
capillary fringe and a shalow unsaturated zone amenable to oxidation,

Low acid generation and metal mobilization rates contributing to decreased effluent
loadings, and hence, lower treatment costs. For example, in comparison to coarse tailings,

the acid neutralization cost done would be reduced by afactor of 30,

A possible decommissioning option of covering the reactive tailings above the phrestic
surface with non reective tailings or geologica materias or de-suphurized tailings mixed with
additiond limestone, if required, for controlling acidic drainage,

Increased storage capacity of the tailings basin without raisng the height of impoundment

dams.

The totd mill tailings mixed with 7.5 % (w/w) limestone of various screen szes, from coarse (-
6.3 mm) to wet ground and pulverized, columns #4 - 15, did not produce any acidic drainage
during the entire study period. The results indicated that oxidation and the acid generation
processes were aso active in these columns, but at low rates, and complete acid neutralization
was taking place (as seen from effluent Mg and Mn drainage profiles). The reectivity of the
tallings-limestone mixture decreased with the decrease in particle size of the mixed limestone
from coarse to wet ground and pulverized. The low rate of acid generation in combination with
increased effluent retention time contributed to complete acid neutrdization for tailings containing

coarse limestone.
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For dl columns, the effluents were saturated with respect to gypsum and the column average
pH, Eh and Ec were, respectively, ~ 7.5, 550 mV and 2200 n&/cm. After two years, al
columns were producing akaine effluents with akalinity production rates of approximately 200
ny CaCOs/kg talings/day. During the study period, the average effluent loadings were: 5000
my SO,?, 1800 ngy Ca and 3 mBq Ra-226/kg tailingsday. The corresponding cumulative
productions/removals were: 8.6 % of tota sulphur, 5.7 % of tota cacium, 22 % of initid total
gypsum and 0.06 % of r totd Ra-226 contained in the tailings limestone mixture. Similar to
coarse talings mixed with wet ground limestone, the mobilization of other oxidetion related
reaction products, eg. acidity, Fe, Al, Ce, Cu, Ni, Pb, Th, U and Zn was absent or present in
trace amounts, except Mn, which was present in smadl quantities in the neutra to dkaline
effluents.

Because of gypsum saturation, the drainage effluent characteristics did not permit estimation of
the rates of acid generation and limestone neutrdization taking place in these tailings limestone
mixtures. Assuming the rates to be the same as those for total mill tailings without additiondl
limestone, gpproximatdy 2100 ngy CaCO; equivdent acidity/kg talingdday, the added
limestone to these tailings was sufficient for gpproximately 100 years of acid neutrdization at
100 % limestone neutraization efficiency, and for a shorter time at decreased efficiency. It is
aso beieved that, because of neutrd to dkaine pH's, the actual acid generation rates in the
these talingslimestone mixtures were lower than that for totd taling without limestone
amendment.

In the laboratory testing over afour year period, and based on the effluent quality results for dl
tallings, tallings and limestone mixtures and those with a shdlow water cover, the totd mill
tailings mixed with pulverized and findy ground limestone were judged, in the short term, as the
best performer in preventing acid mine drainage. Disposa of limestone amended tota mill
tallings above the phregtic surface offers another latitude to mine waste management but the
long-term limestone neutrdization potentia in such a scenario remains to be investigated further.
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For the submerged coarse tailings, there was no acidic drainage during the firgt three years of
the sudy. After the remova of gypsum and other soluble minerds, within firgt three months with
a high porewater flow, the drainage effluents were nearly neutra having pH, Eh and Ec in ranges
of 6.5 - 7.5, 400 - 450 mV and 70 - 100 n&cm, respectively. During that period, there was
no mobilization of oxidation reaction products most notably Fe, Al, Mn and Th, and the tailings
produced dightly dkaline effluent with dkdinity in the range of 10 - 40 mg CaCOxs/l.

In the fourth year, however, the submerged columns started to produce dightly acidic effluents
with pH's, total acidities, iron and Ra-226 concentrations in ranges of 5.5- 7.0, 10- 20 mg/l, 1
- 20 mg/l and 5000 - 25000 mBqg/l, respectively. The reaults indicated
on-st of a dow oxidation and development of dight acidic conditions a the surface of the
tallings, causng 10 to 30 fold increases in Ra226 mobilization and release to the porewater,
which were associated with iron oxidation and accompanied by its increased drainage.  After
the removd of gypsum and other soluble minerds, the effluent average loading rates were: 180
my CaCO; equivaent acidity, 300 ng SO,?, 20 ng Fe, 200 ng Ca and 150 mBq Ra-226/kg
tallinggday. The corresponding cumulative productionsremovas were: 0.2 % of totd acidity,
0.3 % of total sulphur, 0.7 % of totd iron, 6 % of calcium and 5.5 % of tota Ra-226 contained
in the submerged coarse tailings.

In comparison to unsaturated coarse talings (Control-2) and total mill talings
(Contral-1), the shalow water on coarse tailings reduced total acidity production by factors of
295 and 10, total sulphate production by 200 and 20, and total iron production by 950 and 3,
regpectively. For totd mill tailings mixed with 7.5 % limestone of various screen sizes, the
corresponding decrease in total acidity production was by factors of 1900, 50 and 7 when
compared with those for unsaturated coarse tailings, totd mill talings and submerged coarse
talings, respectively. The combination of tota mill tailings and limestone was more effective in
preventing acid drainage than water cover on coarse tailings during the short laboratory testing
period. However, the efficiency of water cover in preventing acidic drainage from tota mill
tallings remains to be evauated.
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For the submerged coarse tailings, the Ra-226 mobility was initidly controlled by gypsum
dissolution and decreased with the depletion of gypsum. During the gypsum remova period, the
Ra-226 leaching rates for submerged and unsaturated coarse tailings were smilar. In the
absence of gypsum and without oxidation, there was no corresponding increase in Ra-226
drainage dthough the effluent sulphate concentrations were very low. With the on-sat of adow
oxidation, the mobility of Ra-226 increased sgnificantly, up to 30 times its pre-oxidation vaue,
and correlated with the corresponding Sow increase in iron mobilization and perhaps Th-230 as
well. The effluent sulphate loading also increased a the same time, but it was Satisticaly not
sgnificant.

The cumulative Ra-226 remova from submerged coarse tailings during the study period was
goproximately 30 to 50 times greater than those for unsaturated coarse and totd mill tailings
without or mixed with limestone. This increased Ra-226 drainage was 3 to 6 times greater than
the corresponding increase in cumulative effluent volumes for the two cases. Perhaps in the
absence of gypsum and/or that of a moderate to severe acidification in the submerged case, the
sulphate concentration was too low to adversdy effect or suppress radium solubility. The
dynamics of Ra226 leaching under various conditions of oxidation, reduction and gypsum
depletion etc., need to be further investigated.

In the water columns above the tailings surface and in the absence of gypsum, there was very
little upward diffuson of dissolved metals and oxidation reaction products except Ra-226,
whose the concentration varied between 30 - 140 mBg/l. Because of high porewater flow, the
surface water quality resembled that of the digtilled water inflow, with pH intherange of 5- 5.7,
Eh 500 - 600 mV, Ec 10 - 15 n&cm, acidity and dkalinity in the range of 3 - 6 mg CaCOsll,
SO,2~3-8mgl, Fe~0.01 - 0.05 mg/l, Ca~0.1- 1.0 mg/l and Mg ~ 0.08 - 0.1 mg/l. For
other conditions of low porewater flow, naturd lake water cover and other oxygen consuming
barriers placed on the submerged tailings, there may be a further improvements/changes in both
surface as well as porewater qualities, which need to be established.
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The unsaturated and crushed waste rock with high acid generation potential (NNP = -17.8 kg
CaCOg/tonne) dso oxidized and produced highly acidic drainage in the fourth year of the study.
The leaching characterigtics resembled those of coarse tailings with 7.5 % coarse limestone,
where ddlayed acidic drainage occurred. In the acid effluent, the average pH, Eh and Ec were,
respectively, 2.2, 780 mV and 7000 n&/cm. The effluent average loading rates were: 38,000
my CaCOs equivaent acidity, 42,000 ng SO,?, 12,500 ny Fe, 2000 ng Ca and 3.0 mBq Ra-
226/kg waste rock/day. The cumulative productions'removals during the four year study period
for mgor specieswere: 53 % of total acidity, 60 % of total sulphur, 31 % of total iron, 59 % of
total cacium and 0.08 % of tota Ra226 contained in the waste rock. The reactivity of the
crushed waste rock was higher than that of coarse tailings, and most of the leaching occurred
during the last year of the study period. Similar to coarse tailings, the acidic drainage dso
caused sgnificant mobilization and release of other condtituents including Al, Ce, Cu, Mg, Mn,
Ni, Pb, Th, U, Zn and various isotopes of radium.

Prior to acidic drainage, the average acid generation/limestone neutrdization for this waste rock
was estimated as 1800 ng CaCOs/kg waste rock/day. Also smilar to coarse without or mixed
with coarse limestone, the acidic drainage from the high acid generating waste rock occurred
with 75 % of the equivdent limestone dkdinity ill remaining in the waster rock. The wadte
rock was crushed to a particle size of -2.0 mm, and the results established a acid neutrdization
efficiency of gpproximately 25 % for the Sze and type of the waste. Since the acidic drainage
related species peaks occurred during the last year of the study period, the data did not permit
extrapolations and computations of oxidation related steady State reaction rates for calculating
tota period of acidic drainage and meta mobilities, etc.

The unsaturated and crushed waste rock with medium acid generation potentia (NNP = -10.7
kg CaCOsftonne) did not produce any acidic drainage during the study period. The results
indicated that oxidation, acid generation and neutraization were active processes within the

waste rock, but the acid neutrdization was complete in preventing acidic drainage and release of
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oxidation reaction products. During the study period, the effluent was nearly neutrd to dightly
akaine with pH ~ 7.5, Eh ~ 400 mV and Ec ~ 1000 n&cm. The effluent contained mostly
dissolved gypsum, resulting from acid neutrdization, and Ra226. The cumulative effluent
loadings/removals were, respectively: 11.9 % of total sulphur, 30 % of tota calcium and 0.04
% of for totd Ra-226 contained in the waste rock. Some limestone dissolution contributed to
dkdinity and additiond cadum in the effluents.

The average acid generation or limestone neutrdization rate for this waste rock was
approximately 2100 ng CaCO4/kg waste rock/day, which was comparable to that of high acid
generating waste rock, and by the end of the study period approximately 20 % of the totd
limestone akalinity had aso been consumed in preventing acidic drainage. From the caculated
acid generation/neutralization rates, it was estimated that acidic drainage from this waste rock
would occur after gpproximately 12 additiona years of leaching, assuming a limestone
neutraization efficiency of 100 %, and sooner at lower efficiencies.

The unsaturated and crushed waste rock with low acid generation potential (NNP = +13.8 kg
CaCOs/tonne) aso did not produce any acidic drainage during the study period. Similar to the
medium acid generating waste rock, oxidation, acid generation and neutraization processes
were aso actively taking place in this waste rock, but the neutraization was complete and acidic
drainage and concomitant mobilization of oxidation reaction products were prevented. The
effluents were dightly dkaine during the entire study period with pH ~ 8.0, Eh ~ 450 mV and
Ec ~ 1000 n&cm. The drainages were mostly gypsum derived and contained appreciable
amounts of cacium and sulphate, resulting from complete acid neutraization, and Ra-226.

The cumulative effluent loadings'removas were, respectively: 19 % of total sulphur, 11.6 % of
total cacium and 0.06 % of total Ra226 contained in the waste rock. The average acid
production or limestone neutraization rate for this waste rock was 2250 ng CaCOgy/kg waste
rock/day and, during the study period, approximately 2.5 g CaCO4/kg waste rock or 9 % of
totd limestone dkainity present in the waste rock was consumed in complete acid
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neutraization. Stoichiometricdly, a 100 % limestone neutrdization efficency and the
experimentdly determined acid generation/neutraization rates, this waste rock should not
produce any acidic drainage. However, at lower neutrdization efficiencies, acidic drainage may
occur in the next twenty years or o, the estimated time for complete oxidation of pyrite in test

samples of the low acid generating waste rock.

Prior to acidic drainage, the caculated acid generation and limestone neutrdization rates for the
three waste rock types were comparable, but acidic drainage occurred only in the high acid
generating waste rock. Perhaps, in this waster rock, the low tota neutrdization potentia of 8.5
kg CaCOsftonne and the digribution and particle sze of the adkai minerds in rdation to
sulphides were contributing factors in the early occurrence of acidic drainage.  For the other
two, low and medium acid generating waste rock, the total neutraization potentias were,
respectively, 26.82 and 15.06 kg CaCOs/tonne.

5. SUMMARY AND CONCLUSIONS

Column leaching dudies were conducted for evauating the oxidation and leaching
characterigtics of pyritic uranium tailings and waste rock under unsaturated conditions, coarse
tailings with a shallow water cover, and limestone neutraization characterigtics of tailings mixed

with 7.5 % (w/w) limestone of various screen 9zes. The results are summarized as follows:

The unsaturated coarse tailings without additiond limestone (Control - 2) oxidized readily
and produced highly acidic drainage with a pH of ~ 1.2. The acidic drainage caused
ggnificant mobilization and release of dl oxidation reaction products including:  Al, Ca, Ce,
Cu, Fe, Mg, Mn, Ni, Pb, Th, U, Zn, SO, and various isotopes of radium (Ra-223, Ra-
224, Ra-226 and Ra-228).
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The acidic drainage in coarse tailings started prior to full consumption of the totd available
dkdinity, and, a the time of its occurrence, approximately 60 - 65 % of the avalable
akdinity was il present in the tallings.

The Ra-226 leachability was controlled by gypsum solubility, and decreased with increased
acidity and sulphate concentration in the absence of gypsum. The acidic drainage aso
resulted in an increased mobility and release of thorium and other radium isotopes.

Prolonged exposure of coarse tailings to ar would contribute toward sgnificant acid
generation and water quaity problems. For submerged coarse talings, it is important to
maintain a minimum depth of water cover to prevent acid production and minimize Ra-226
mohility. This may require additiond akdinity in the incoming water or incorporation of an
oxygen consuming cover or barier layer a the surface of the underwater deposted talings
for permanently controlling their surface oxidation and development of acidic conditions.

The unsaturated coarse tailings containing an additiona 7.5 % (w/w) coarse limestone of
screen size -6.3 mm, dso oxidized and produced severe acidic drainage with a pH of
gpproximately 2.5. The onsat of the acidic drainage was delayed by approximately one

year from its occurrence in the Control - 2 coarsetailings.

The acidic drainage in coarse tailings-coarse limestone sub-group occurred with 90 % of
the totd available dkadinity ill remaining. Addition of coarse limestone to coarse tailings

was consdered unsuitable for prevention of the acidic drainage.

The unsaturated and coarse tailings mixed with 7.5 % (w/w) wet ground and pulverized
limestone did not produce any acidic drainage. Oxidation and acid generation were aso
taking place in these talings, but the findy ground limestone provided complete acid
neutralization preventing acidic drainage and release of oxidation reaction products.
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During the four year sudy period, gpproximately 13 % of totd available limestone dkainity
was consumed in acid neutrdization in the coarse tailings - wet ground limestone sub-group.
It was estimated that the remaining akalinity would provide additiond acid neutrdization for

another 29 years.

The unsaturated tota mill tailings without additiona limestone (Control - 1) also produced
acidic drainage, but it was moderate at a pH of ~ 3.0 and less severe than for Contral - 2
coase talings. These talings had a low hydraulic conductivity and retained high moisture,
which reduced oxidation and acid generation rates and controlled the release of oxidation

reaction products.

The acid generation rate for Control - 1 totdl tailings was approximately 30 - 35 times less
than that for Control - 2 coarse tailings, which would result in much lower treatment and
dudge handling codts.

The unsaturated and total mill tailings mixed with 7.5 % (w/w) limestone of various screen
szes, from coarse (-6.3 mm) to wet ground and pulverized, did not produce any acidic
drainage during the entire study period. Both oxidation and acid generation processes were
aso active in these tailings - limestone sub-groups, but the acid neutralization was complete
for dl limestone Szes and acidic drainage was prevented.

It wes estimated that the added limestone dkdinity to totd mill tailings would be sufficient
for acid neutrdization for approximately 100 years. At 100 % limestone neutrdization
efficiency, these tallings in the laboratory test columns would not produce any acidic

drainage.

The totd mill tailings mixed with pulverized and wet ground limestone were judged very
effective in preventing acidic drainage during the short |aboratory testing period. For pyritic
uranium tallings, there was an additiond advantage of the containment of associated
radioactivity in agypsum controlled system.
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The submerged coarse tailings did not produce any acidic drainage and release of oxidation
reaction products during the first three years. In the fourth year, the submerged coarse
talings dated to produce dightly acidic effluents  with pH's of
~5.5. Therewas an onset of adow oxidation process at the surface of the tailings resulting
in 10 to 30 fold increases in Ra-226 mobilization and release to the porewater associated
with iron oxidation and its increased drainage. The presence of an organic subgtrate or

additiona dkdinity in the water column would be beneficid in controlling acid generation.

The water cover on coarse tailings reduced acid generation by factors of 295 and 10, total
sulphate production by 200 and 20, and tota iron production by 950 and 3, in comparison
to unsaturated coarse (Control - 2) and total mill tailings (Contral - 1), respectively.

The Ra-226 leachahility in submerged tailings was very high with the onset of dow oxidation
and development of acidic conditions in the absence of gypsum.

In the water cover above the tailings surface and in the absence of gypsum, there was very
little upward diffusion of dissolved metad's and other oxidation reaction products except Ra:
226, whose concentration was dightly eevated.

The unsaturated and crushed waste rock with a high acid generation potentia, oxidized and
produced highly acid drainage (pH approximately 2.2) in the fourth year of the study period.
The acidic drainage dso caused significant mobilization and release of dl oxidetion reaction
products.

The acidic drainage in the high acid generating waste rock occurred with 75 % of the
avalable limestone dkdinity ill remaining in the waste rock.

The unsaturated and crushed waste rock with a medium acid generation potentia did not
produce any acidic drainage or released oxidation reaction products during the study
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period. Oxidation, acid generation and neutrdization were active processes within the

waste rock, but the acid neutralization was complete and acidic drainage absent.

During the study period, gpproximately 20 % of the totd available limestone dkdinity was
consumed for acid neutraization in the medium acid generating waste rock. At 100 %
limestone neutraization efficiency, it was estimated that acidic drainage from this waste rock
would occur in approximately 16 years, and somewhat sooner if the efficiency was reduced.

The unsaturated and crushed waste rock with a low acid generation potential also did not
produce any acidic drainage or released oxidation reaction products during the study
period. Oxidation, acid generation and complete acid neutralization processes were active

in thiswaste rock aswdl.

During the entire study period, approximatedy 9 % of the totd available limestone dkdinity
was consumed for complete acid neutrdization in the low acid generating waste rock. At
100 % limestone neutrdization efficiency, this waste rock should not produce any acidic
drainage, but if the efficiency was reduced acidic drainage may occur in the next twenty

years or so.

In concluson, the ussfulness of column leaching tests has been wel demondrated in
understanding the oxidation and leaching kinetics of reactive tailings and waste rock, and for

evauding various decommissoning options.

A ghdlow weter cover on pyritic uranium tailings is very effective in controlling/limiting their
oxidation and acid generation to very low rates, but lacked in complete prevention. The tests
have ds0 shown that radium mohility increases, in the absence of gypsum, when acidic
conditions develop at the surface of underwater deposited tailings. Limestone amendments to

tallings, in some cases, provided short-term controls on acidic drainage.
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Homogenized Total Mill Tailings (Control-1)
pH vs. Time
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Fig. 7 Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,

columns #1-3), variation of pH with time.
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Homogenized Total Mill Tailings (Control-1)
Eh(NHE) vs. Time
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Fig. 8 Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of Eh with time.
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Homogenized Total Mill Tailings (Control-1)
Electrical Conductivity vs. Time
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Fig. 9 Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of Ec with time.
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Acidity Loading vs. Time
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Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of total acidity loading rate with time.
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Fig. 11  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative acidity production with time.
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Alkalinity Loading vs. Time
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Fig. 12 Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of total alkalinity loading rate with time.
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Sulphate Loading vs. Time
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Fig. 13  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
2

columns #1-3), variation of dissolved SO 4- loading rate with time.
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Fig. 14

Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative SO 4'2 removal (as % total S) with time.
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Total Iron Loading vs. Time
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Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved total Fe loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
Cumulative Total lron Removal vs. Time
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Fig. 16  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative total Fe removal with time.
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Fig. 17  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Ca loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
Cumulative Calcium Removal vs. Time
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Fig. 18  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Ca removal with time.
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Magnesium Loading vs. Time
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Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Mg loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
Cumulative Magnesium Removal vs. Time
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Fig. 20  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Mg removal with time.
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Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,

columns #1-3), variation of dissolved Al loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
Cumulative Aluminum Removal vs. Time
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Fig. 22  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Al removal with time.
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Manganese Loading vs. Time
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Fig. 23  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Mn loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
Cumulative Manganese Removal vs. Time
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Fig. 24  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Mn removal with time.
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Fig. 25  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,

columns #1-3), variation of dissolved U loading rate with time.
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Thorium Loading vs. Time

100

1994

Time (Calendar Year)

—®— Col1_Th —T— Col2_Th —*¢— Col 3_Th —>— Average Th

Fig. 26  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Th loading rate with time.
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Fig. 27

Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Th removal with time.
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Fig. 28  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Pb loading rate with time.
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Fig. 29  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), variation of dissolved Ra-226 loading rate with time.
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Homogenized Total Mill Tailings (Control-1)
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Fig. 30  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
columns #1-3), cumulative Ra-226 removal with time.
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Homogenized Total Mill Tailings (Control-1)
Accumulated Volume vs. Time
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Fig. 31  Leaching profiles of total mill tailings without additional limestone and under unsaturated conditions (Control - 1,
gp 24

columns #1-3), average cumulative drainage volume collected with time.
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Fig.32  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of pH with time.
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Homogenized Total Mill Tailings, Coarse Limestone
Eh(NHE) vs. Time
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Fig.33  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of Eh with time.
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Homogenized Total Mill Tailings, Coarse Limestone
Electrical Conductivity vs. Time
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Fig. 34  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of Ec with time.
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Acidity Loading vs. Time
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Fig. 35 Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #4-6), variation of total acidity loading rate with time.
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Alkalinity Loading vs. Time
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Fig. 36  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of total alkalinity loading rate with time.
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Homogenized Total Mill Tailings, Coarse Limestone
Sulphate Loading vs. Time
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Fig.37  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #4-6), variation of dissolved SO A loading rate with time.
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- Homogenized Total Mill Tailings, Coarse Limestone
Cumulative Sulphate Removal vs. Time
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Fig. 38 Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
2
under unsaturated conditions (columns #4-6), cumulative SO ., removal (as % total S) with time.
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Total Iron Loading vs. Time
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Fig. 39  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved total Fe loading rate with time.
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Fig. 40  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Ca loading rate with time.

ov-C



Percent Cumulative

Report Lit

Homogenized Total Mill Tailings, Coarse Limestone
Cumulative Calcium Removal vs. Time
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Fig. 41 Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #4-6), cumulative Ca removal with time.
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Fig. 42  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Mg loading rate with time.
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Fig. 43

Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), cumulative Mg removal with time.
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Fig. 44  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Al loading rate with time.
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Fig. 45  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Mn loading rate with time.
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Fig. 46  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved U loading rate with time.
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Fig. 47 Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Th loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Pb loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), variation of dissolved Ra-226 loading rate with time.
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Fig. 50  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #4-6), cumulative Ra-226 removal with time.
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Fig. 51  Leaching profiles of total mill tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #4-6), average cumulative drainage volume collected with time.
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Homogenized Total Mill Tailings, Medium Size Limestone
pH vs. Time
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Fig.52  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of pH with time.
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Fig.53  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of Eh with time.
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Fig. 54  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of Ec with time.
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Fig. 55  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)

and under unsaturated conditions (columns #7-9), variation of total acidity loading rate with time.
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Homogenized Total Mill Tailings, Medium Size Limestone
Alkalinity Loading vs. Time
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of total alkalinity loading rate with time.
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Sulphate Loading vs. Time
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
2
and under unsaturated conditions (columns #7-9), variation of dissolved SO, ' loading rate with time.
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Fig. 58  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), cumulative SO 4'“ removal (as % total S) with time.
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Fig. 59  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved total Fe loading rate with time.
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Fig. 60  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Ca loading rate with time.
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Fig. 61

Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), cumulative Ca removal with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Mg loading rate with time.
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Fig. 63  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), cumulative Mg removal with time.
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Fig. 64  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Al loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Mn loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved U loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Th loading rate with time.

L9C



Lead, (zg/kg/d)

Report Lit

Homogenized Total Mill Tailings, Medium Size Limestone
Lead Loading vs. Time

10
8
6
4
2
O . - t s . ¢ r Q’a‘m{}{m
1989 1990 1991 1992 1993 1994
Time (Calendar Year)
—®— Col 7_Pb — 00— Col8Pb —*— Col9_Pb ——>—— Average Pb
Fig. 68 Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)

and under unsaturated conditions (columns #7-9), variation of dissolved Pb loading rate with time.
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Fig. 69  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), variation of dissolved Ra-226 loading rate with time.
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Fig. 70  Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)
and under unsaturated conditions (columns #7-9), cumulative Ra-226 removal with time.
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Fig. 71 Leaching profiles of total mill tailings mixed with 7.5% (w/w) medium size limestone (screen size -2.4 mm, -8 mesh)

and under unsaturated conditions (columns #7-9), average cumulative drainage volume collected with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of pH with time.
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Fig. 73  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of Eh with time.
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Fig. 74  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of Ec with time.
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Fig. 75 Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of total acidity loading rate with time.
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Fig. 76  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)

and under unsaturated conditions (columns #10-12), variation of total alkalinity loading rate with time.

9L-C



Sulphate, (zg/kg/d)

Report Lit

Homogenized Total Mill Tailings, Fine Limestone
Sulphate Loading vs. Time

50000

40000 w

30000

20000

10000 -

1989 1990 1991 1992 1993 1994
Time (Calendar Year)
—8— Col 10 S04 —0— Col11_S04 —*— Col12_S04 — Average SO4

Fig. 77  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)

and under unsaturated conditions (columns #10-12), variation of dissolved SO 4'2 loading rate with time.
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Fig. 78  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), cumulative SO 4'2 removal (as % total S) with time.
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Fig. 79  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved total Fe loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Ca loading rate with time.
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Fig. 81

Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), cumulative Ca removal with time.
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Fig. 82  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Mg loading rate with time.
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Fig. 83  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), cumulative Mg removal with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Al loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Mn loading rate with time.
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Fig. 86  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved U loading rate with time.
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Fig. 87 Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)

and under unsaturated conditions (columns #10-12), variation of dissolved Th loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Pb loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), variation of dissolved Ra-226 loading rate with time.

68-C



Percent Cumulative

Report Lit

Homogenized Total Mill Tailings, Fine Limestone
Cumulative Ra-226 Removal vs. Time

0.50

0.40

0.30

Ra-226

0.20

0.10

0.00 ,
1989 1990 1991 1992 1993 1994

Time (Calendar Year)

—®%— Col 10 % Cum —%— Col11_% Cum —* Col12_% Cum — Average_% Cum
Ra_226 Ra_226 Ra_226 Ra_226

Fig. 90  Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)
and under unsaturated conditions (columns #10-12), cumulative Ra-226 removal with time.
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Fig. 91 Leaching profiles of total mill tailings mixed with 7.5% (w/w) fine size limestone (screen size -0.84 mm, -20 mesh)

and under unsaturated conditions (columns #10-12), average cumulative drainage volume collected with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of pH with time.
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Fig. 93  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of Eh with time.
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Fig. 94  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of Ec with time.
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Fig. 95  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of total acidity loading rate with time.
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Fig. 96  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of total alkalinity loading rate with time.
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Fig. 97  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of dissolved SO 4’2 loading rate with time.
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Fig. 98 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), camulative SO 4.2 removal (as % total S) with time.
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Fig. 99  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of dissolved total Fe loading rate with time.
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Fig. 100 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of dissolved Ca loading rate with time.
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Fig. 101

Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), cumulative Ca removal with time.
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Fig. 102 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of dissolved Mg loading rate with time.
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Fig. 103 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), cumulative Mg removal with time.

€01-C



Aluminum, (yg/kg/d)

Homogenized Total Mill Tailings, Wet Ground Limestone

Aluminum Loading vs. Time

N W & OO N 0O O

-

Time (Calendar Year)

-

1993 1994

—®— Col 13 Al —%— Col 14_ Al —*— Col 15_Al —>— Average Al

Fig. 104 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of dissolved Al loading rate with time.
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Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of dissolved Mn loading rate with time.
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Fig. 106 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of dissolved U loading rate with time.

901-C



Thorium, (vg/kg/d)

Report Lit

1.00

0.80

0.60

0.40

0.20

0.00

Homogenized Total Mill Tailings, Wet Ground Limestone
Thorium Loading vs. Time

O
1
PN el ; ﬁ
1989 1990 1991 1992 1993

Time (Calendar Year)

—=— Col 13 Th —0— Col 14 Th —*— Col 16_Th —>—— Average Th

1994

Fig. 107 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of dissolved Th loading rate with time.
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Fig. 108 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), variation of dissolved Pb loading rate with time.
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Fig. 109 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #13-15), variation of dissolved Ra-226 loading rate with time.
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Fig. 110 Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), cumulative Ra-226 removal with time.
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Fig. 111  Leaching profiles of total mill tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #13-15), average cumulative drainage volume collected with time.
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Fig. 112 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of pH with time.
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Fig. 113 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of Eh with time.
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Fig. 114 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of Ec with time.
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Fig. 115 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of total acidity loading rate with time. :
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Fig. 116 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), cumulative acidity production with time.
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Fig. 117 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of total alkalinity loading rate with time.
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Fig. 118 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), variation of dissolved SO 4'2 loading rate with time.
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Fig. 119 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
2
columns #16 and 17), cumulative SO, removal (as % total S) with time.

611-¢



Report Lit

Segregated Coarse Tailings (Control-2)
Total Iron Loading vs. Time

50000

40000 A

30000

20000

10000

Total Iron, (ug/kg/d)

1989 1990 1991 1992 1993 1994
Time (Calendar Year)

—®— Col16 Fe —t— Col17_Fe —* Average Fe

Fig. 120 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved total Fe loading rate with time.
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Fig. 121 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), cumulative total Fe removal with time.
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Fig. 122 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), variation of dissolved Ca loading rate with time.
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Fig. 123 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), cumulative Ca removal with time.
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Fig. 124 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), variation of dissolved Mg loading rate with time.
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Fig. 125 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), cumulative Mg removal with time.
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Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved Al loading rate with time.
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Fig. 127 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), cumulative Al removal with time.
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Fig. 128 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved Mn loading rate with time.
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Fig. 129 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), cumulative Mn removal with time.
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Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved U loading rate with time.
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Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved Th loading rate with time.
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Fig. 132 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), cumulative Th removal with time.
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Fig. 133 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), variation of dissolved Pb loading rate with time.
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Fig. 134 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), cumulative Pb removal with time.
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Fig. 135 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), variation of dissolved Ra-226 loading rate with time.
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Fig. 136 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,
columns #16 and 17), cumulative Ra-226 removal with time.
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Fig. 137 Leaching profiles of coarse tailings without additional limestone under unsaturated conditions (Control - 2,

columns #16 and 17), average cumulative drainage volume collected with time.
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Fig. 138  Alpha energy spectrum obtained for coarse tailings (column #17) during peak acidic drainage period (Oct. 3, 1990).
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Fig. 139 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of pH with time.
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Fig. 140 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of Eh with time.
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Fig. 141 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of Ec with time.
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Fig. 142 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of total acidity loading rate with time.
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Fig. 143  Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative acidity production with time.
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Fig. 144 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), variation of total alkalinity loading rate with time.
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Fig. 145 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), variation of dissolved SO 4-2 loading rate with time.
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Fig. 146  Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
-2
under unsaturated conditions (columns #18 and 19), cumulative SO, removal (as % total S) with time.
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Fig. 147 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), variation of dissolved total Fe loading rate with time.
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Fig. 148  Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), cumulative total Fe removal with time.
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Fig. 149 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Ca loading rate with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Ca removal with time.

0S1-2



Magnesium, (ug/kg/d)

Report Lit

Segregated Coarse Tailings, Coarse Limestone
Magnesium Loading vs. Time

500

400

300

200

R R

A T,

o,
T

Fig. 151

\,
1990 1991 1992 1993 1994
Time (Calendar Year)

—®— Col18_ Mg — T — Col19_Mg —*— Average Mg

Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Mg loading rate with time.
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Fig. 152 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Mg removal with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Al loading rate with time.
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Fig. 154 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), cumulative Al removal with time.
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Fig. 155 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Mn loading rate with time.
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Fig. 156 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Mn removal with time.
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Fig. 157 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), variation of dissolved U loading rate with time.
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Fig. 158 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), variation of dissolved Th loading rate with time.
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Fig. 159 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Th removal with time.
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Fig. 160 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Pb loading rate with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Pb removal with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), variation of dissolved Ra-226 loading rate with time.
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Fig. 163  Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and
under unsaturated conditions (columns #18 and 19), cumulative Ra-226 removal with time.
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Fig. 164 Leaching profiles of coarse tailings mixed with 7.5% (w/w) coarse limestone (screen size -6.3 mm, -4 mesh) and

under unsaturated conditions (columns #18 and 19), average cumulative drainage volume collected with time.
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Fig. 165 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of pH with time.
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Fig. 166 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of Eh with time.
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Fig. 167 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of Ec with time.
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Fig. 168 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), variation of total acidity loading rate with time.
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Fig. 169 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), variation of total alkalinity loading rate with time.
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Fig. 170  Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
-2
conditions (columns #20 and 21), variation of dissolved SO , loading rate with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), cumulative SO 4'2 removal (as % total S) with time.
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Fig. 172 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved total Fe loading rate with time.
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Fig. 173 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), variation of dissolved Ca loading rate with time.
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Fig. 174 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), cumulative Ca removal with time.
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Fig. 175 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Mg loading rate with time.
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Fig. 176 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), cumulative Mg removal with time.
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Fig. 177 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Al loading rate with time.
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Fig. 178 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Mn loading rate with time.
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Fig. 179 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), cumulative Mn removal with time.
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Fig. 180 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), variation of dissolved U loading rate with time.
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Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Th loading rate with time.
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Fig. 182 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Pb loading rate with time.
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Fig. 183 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), variation of dissolved Ra-226 loading rate with time.
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Fig. 184  Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated
conditions (columns #20 and 21), cumulative Ra-226 removal with time.
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Fig. 185 Leaching profiles of coarse tailings mixed with 7.5% (w/w) wet ground (pulverized) limestone under unsaturated

conditions (columns #20 and 21), average cumulative drainage volume collected with time.
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Fig. 186 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of pH with time.
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Fig. 187 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of Eh with time.
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Fig. 188 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of Ec with time.
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Fig. 189 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of total acidity loading rate with time.
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Fig. 190 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative acidity production with time.
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Fig. 191 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of total alkalinity loading rate with time.
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Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
2
variation of dissolved SO, loading rate with time.
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Fig. 193 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
2
cumulative SO, removal (as % total S) with time.
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Fig. 194 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of dissolved total Fe loading rate with time.
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Fig. 195 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative total Fe removal with time.
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Fig. 196 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of dissolved Ca loading rate with time.
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Fig. 197 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative Ca removal with time.
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Fig. 198 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved Mg loading rate with time.
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Fig. 199 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative Mg removal with time.
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Fig. 200 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved Al loading rate with time.
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Fig. 201 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative Al removal with time.
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Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
variation of dissolved Mn loading rate with time.
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Fig. 203 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative Mn removal with time.
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Fig. 204 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved U loading rate with time.
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Fig. 205 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved Th loading rate with time.
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Fig. 206 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved Pb loading rate with time.
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Fig. 207 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

variation of dissolved Ra-226 loading rate with time.
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Fig. 208 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),
cumulative Ra-226 removal with time.
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Fig. 209 Leaching profiles of coarse tailings without additional limestone under submerged conditions (columns #22-24),

average cumulative drainage volume collected with time.
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Fig. 210 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOs3 / tonne)
and under unsaturated conditions (columns #25 and 26), variation of pH with time.
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Fig. 211 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOj3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of Eh with time.
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Fig. 212  Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3/ tonne)
and under unsaturated conditions (columns #25 and 26), variation of Ec with time.
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Fig. 213  Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of total acidity loading rate with time.
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Fig. 214 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)
and under unsaturated conditions (columns #25 and 26), variation of total alkalinity loading rate with time.
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Fig. 215 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved SO 4'2 loading rate with time.
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Fig. 216  Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)
and under unsaturated conditions (columns #25 and 26), cumulative SO 4'2 removal (as % total S) with time.
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Fig. 217 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOj3/ tonne)
and under unsaturated conditions (columns #25 and 26), variation of dissolved total Fe loading rate with time.
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Fig. 218 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOj3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved Ca loading rate with time.
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Fig. 219  Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)
and under unsaturated conditions (columns #25 and 26), cumulative Ca removal with time.
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Fig. 220 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOs3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved Mg loading rate with time.
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Fig. 221 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)

and under unsaturated conditions (columns #25 and 26), cumulative Mg removal with time.
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Fig. 222 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3 / tonne)
and under unsaturated conditions (columns #25 and 26), variation of dissolved Al loading rate with time.
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Fig. 223 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOs3 / tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved Mn loading rate with time.
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Fig. 224 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOs3/ tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved U loading rate with time.
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Fig. 225 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCOs / tonne)

and under unsaturated conditions (columns #25 and 26), cumulative U removal with time.
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Fig. 226 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3/ tonne)

and under unsaturated conditions (columns #25 and 26), variation of dissolved Th loading rate with time.

9¢tT



Lead, (mzg/kg/d)

Report Lit

Medium Acid Generating Crushed Waste Rock
Lead Loading vs.Time

1.00

0.80

0.60

0.40

0.20 -

0.00
1989

Fig. 227

1990 1991 1992 1993 1994

Time (Calendar Year)

—®%— Col25 Pb —T— Col26_Pb —*— Average Pb

Leaching profiles of crushed waste rock having medium acid generation: potential (NNP = -10.7 Kg CaCO3 / tonne)
and under unsaturated conditions (columns #25 and 26), variation of dissolved Pb loading rate with time.
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Fig. 228 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3/ tonne)
and under unsaturated conditions (columns #25 and 26), variation of dissolved Ra-226 loading rate with time.
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Fig. 229 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCQO3 / tonne)

and under unsaturated conditions (columns #25 and 26), cumulative Ra-226 removal with time.
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Fig. 230 Leaching profiles of crushed waste rock having medium acid generation potential (NNP = -10.7 Kg CaCO3/ tonne)
and under unsaturated conditions (columns #25 and 26), average cumulative drainage volume collected with time.
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Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #27 and 28), variation of pH with time.
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Fig. 232 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of Eh with time.
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Fig. 233  Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3/ tonne) and
under unsaturated conditions (columns #27 and 28), variation of Ec with time.
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Fig. 234 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOs3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of total acidity loading rate with time.
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Fig. 235 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative acidity production with time.
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Fig. 236 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #27 and 28), variation of total alkalinity loading rate with time.
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Fig. 237 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3/ tonne) and

under unsaturated conditions (columns #27 and 28), variation of dissolved SO 4-2 loading rate with time.
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Fig. 238 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative SO 4'2 removal (as % total S) with time.
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Fig. 239 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved total Fe loading rate with time.
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Fig. 240 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #27 and 28), cumulative total Fe removal with time.
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Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOs3/ tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved Ca loading rate with time.
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Fig. 242  Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative Ca removal with time.
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Fig. 243  Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved Mg loading rate with time.
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Fig. 244 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and

under unsaturated conditions (columns #27 and 28), cumulative Mg removal with time.
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Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved Al loading rate with time.
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Fig. 246  Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and

under unsaturated conditions (columns #27 and 28), cumulative Al removal with time.
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Fig. 247 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOs / tonne) and

under unsaturated conditions (columns #27 and 28), variation of dissolved Mn loading rate with time.
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Fig. 248 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative Mn removal with time.
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Fig. 249 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #27 and 28), variation of dissolved U loading rate with time.
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Fig. 250 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative U removal with time.
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Fig. 251 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOs / tonne) and

under unsaturated conditions (columns #27 and 28), variation of dissolved Th loading rate with time.
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Fig. 252 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #27 and 28), cumulative Th removal with time.
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Fig. 253 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved Pb loading rate with time.
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Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #27 and 28), cumulative Pb removal with time.
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Fig. 255 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #27 and 28), variation of dissolved Ra-226 loading rate with time.
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Fig. 256 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #27 and 28), cumulative Ra-226 removal with time.
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Fig. 257 Leaching profiles of crushed waste rock having high acid generation potential (NNP = -17.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #27 and 28), average cumulative drainage volume collected with time.
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Fig. 258 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of pH with time.
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Fig. 259 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #29 and 30), variation of Eh with time.

65T-C



Ec (uS)

Report Lit

Low Acid Generating Crushed Waste Rock
Electrical Conductivity vs. Time

5000

4000

3000

2000

1000

1989 1990 1991 1992 1993 1994
Time (Calendar Year)

—®— Col29 Ec — U Col 30_Ec —*— Average Ec

Fig. 260 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCQO3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of Ec with time.
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Fig. 261 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of total acidity loading rate with time.
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Fig. 262 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3/ tonne) and

under unsaturated conditions (columns #29 and 30), variation of total alkalinity loading rate with time.
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Fig. 263 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #29 and 30), variation of dissolved SO 4-2 loading rate with time.
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Fig. 264 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #29 and 30), cumulative SO 4'2 removal (as % total S) with time.
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Fig. 265 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of dissolved total Fe loading rate with time.
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Fig. 266 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3/ tonne) and

under unsaturated conditions (columns #29 and 30), variation of dissolved Ca loading rate with time.
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Fig. 267 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #29 and 30), cumulative Ca removal with time.
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Fig. 268 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3 / tonne) and

under unsaturated conditions (columns #29 and 30), variation of dissolved Mg loading rate with time.
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Fig. 269 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3/ tonne) and

under unsaturated conditions (columns #29 and 30), cumulative Mg removal with time.
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Fig. 270 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #29 and 30), variation of dissolved Al loading rate with time.
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Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOs3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of dissolved Mn loading rate with time.
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Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of dissolved U loading rate with time.
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Fig. 273 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3/ tonne) and
under unsaturated conditions (columns #29 and 30), cumulative U removal with time.
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Fig. 274 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #29 and 30), variation of dissolved Th loading rate with time.
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Fig. 275 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOs / tonne) and

under unsaturated conditions (columns #29 and 30), variation of dissolved Pb loading rate with time.
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Fig. 276  Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCOj3 / tonne) and
under unsaturated conditions (columns #29 and 30), variation of dissolved Ra-226 loading rate with time.

9LTT



/

Percent Cumulative Ra-226

Report Lit

Low Acid Generating Crushed Waste Rock
Cumulative Radium-226 Removal vs. Time

0.50

0.40

0.30

0.20

0.00 -
1989

T

1990 1991 1992 1993

Time (Calendar Year)

—®— Col 29_% Cum Ra_226 —— Col 30_% Cum Ra_226 —*—— Average_% Cum Ra_226

1994

Fig. 277 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3 / tonne) and

under unsaturated conditions (columns #29 and 30), cumulative Ra-226 removal with time.
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Fig. 278 Leaching profiles of crushed waste rock having low acid generation potential (NNP = +13.8 Kg CaCO3/ tonne) and

under unsaturated conditions (columns #29 and 30), average cumulative drainage volume collected with time.
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Table 2 - Minimum detection limits for various elements and Ra-226 using Inductively
Coupled Argon Plasma Spectrophotometer and Radiochemical methods.

Element/Ra-226 Method Lowest Limit of
Detection (LLD), mg/l

Al ICAP-AES 0.3
Ba ICAP-AES 0.001
Ca ICAP-AES 0.002
Ce ICAP-AES 0.06
Cu ICAP-AES 0.04
Fe ICAP-AES 0.008
K ICAP-AES 1.2
Mg ICAP-AES 0.001
Mn ICAP-AES 0.005
Na ICAP-AES 0.08
Ni ICAP-AES 0.02
P ICAP-AES 0.02
Pb ICAP-AES 0.06
Si ICAP-AES 0.1
Ti ICAP-AES 0.006
Th ICAP-AES 0.05
U ICAP-AES 0.2

z ICAP-AES 0.005

S Radiochemical 0.3

S ICAP-AES 0.05

Ra-226 Radiochemical 4 mBg/l
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Table 3 - Comparison of analytical results for QA/QC Program: Measured and
certified dissolved metal concentrations of Certified Reference
Materials: Digested (Dissolved) River Sediment (CRM-RS-A) and Soil

(CRM-Soil-B) Samples.

Element Measured Value Certified Reference
mg/l Material Value, mg/l
Al 255 225
Ca 305 300
Fe 1211 1200
Mg 71.5 75
Mn 7.7 8.0
Ni 0.43 0.5
Pb 5.7 7
Zn 15.0 15
Ba* 6.5 7.0
Cu* 2.98 3.0
p* 9.92 10.0
Pb* 59.5 60.0
V* 0.71 | 0.8

*Certified Reference Standard CRM-Soil-B solution samples.
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Table 4 - Comparison of analytical results for QA/QC Program: Measured and certified
dissolved metal concentrations of a Certified Reference Material: Trace Metal
Drinking Water Sample (CRM-TMDW).

Element Measured Value Reference Material
pg/l Certified Value, pg/l
Al 112 115
Ca 35380 35000
Fe 101 100
Mg 8700 9000
Mn 34 35
Ni 60 60
Pb 37 35
Zn 68 70
Ba 47 50
Cu 20 20
2431 2500
\Y 33 30




Table 5 - Results for an inter laboratory comparison study for QA/QC Program at the Elliot Lake Laboratory: Analytical results for
Certified Reference Materials, Uranium Ore Standard (Soil A, BL-5) and Soil Standard (Soil B, SO-2), Vegetation Standards
(CLV-1) and (CLV-2).

ELRFS (Soil A)! ELRFS and CANMET (Soil B)®
Parameters Unit | Approximate | ELRFS? | L.U’ | CANMET? | Certified | ELRFS | L.U. | CANMET
Composition Value
Aluminum (Al) % 6.00 6.30 6.09 5.99 8.07 8.41 8.01 7.93
Barium (Ba) % Unknown n/a 0.0190 0.0244 | Unknown | n/a 0.1090 0.0978
Calcium (Ca) % 4.00 4.36 3.83 3.97 1.96 231 1.95 1.98
Copper (Cu) % Unknown 0.019 | 0.0135 0.0292 0.0007 | <0.0004 | 0.0012 0.0005
Tron (Fe) % 5.90 5.27 5.66 6.20 5.56 474 5.64 5.62
Lead (Pb) % 1.50 1.12 0.87 1.5309 3.0021 | 0.3060 | 0.0016 | <0.0140
Magnesium (Mg) % 1.50 1.13 1.23 0.82 0.54. 0.48 0.50 0.52
Manganese (Mn) % 0.05 0.048 0.045 0.046 0.072 0.066 0.074 0.065
Nickel (Ni) % Unknown 0.007 | 0.0149 | <0.0045 0.0008 | 0.0010 | 0.0007 | <0.0045
Potassium (K) % 0.40 0.35 0.37 0.43 2.45 2.29 2.41 2.44
Sodium (Na) % 3.60 3.25 3.50 3.59 1.90 1.72 1.74 2.03
Zinc (Zn) % Unknown 0.010 | 0.0916 0.0091 0.0124 | 0.0120 | 0.0104 0.0124
LOI % n/a 7.743 n/a Unknown n/a 14.521 n/a
Ra-226 mBq/g 700430 689.+70 38+12 44.5+18
(CLV-1) (CLV-2)

'ELRFS (Soil - A) - Canadian Certified Reference Material (BL-5) for Uranium, Ra-226 and Pb-210, Chemical compositions of others
elements are taken from (CCRMP 90-1E) and are reported to be approximate.

2ELRFS and CANMET (Soil - B) - Canadian Certified Reference Material (SO-2).
3CANMET, Elliot Lake Laboratory, “Elliot Lake Research Field Station, Elliot Lake, SLaurentian University, Sudbury, Ontario.
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Table 6 - Column permeability (saturated hydraulic conductivity) results for Group 1 - Unclassified
Total Mill Tailings obtained from the Quirke mill, Columns #1-15.

Column Material Permeability Test

# Total Mill Depth | Volume | Time | Permeability | Average | Standard
Tailings can mi s cm/s cm/s Error

1 Control - 1 34.0 8119 172800 1.04E-05

1 Control - 1 34.0 396.8 86400 1.02E-05

2 Control - 1 35.0 739.8 172800 9.78E-06 8.67E-06 21.71

2 Control - 1 350 360.5 86400 9.53E-06

3 Control - 1 35.0 225.3 86400 5.96E-06

3 Control - 1 35.0 462.9 172800 6.12E-06

4 T+L,-6.3mm 36.0 719.8 172800 9.79E-06

4 T+L,-63mm | 36.0 354.6 86400 9.64E-06

5 T+L,-63mm | 345 238.8 86400 6.22E-06 7.66E-06 19.38%

5 T+L,-6.3mm 345 485.1 172800 6.32E-06

6 T+L,-63mm | 36.0 253.1 86400 6.88E-06

6 T+L,-6.3mm 36.0 522.4 172800 7.10E-06

7 T+L,-2.4mm 34.5 2494 86400 6.50E-06

7 T+ L, -2.4mm 34.5 468.8 172800 6.11E-06

8 T+L,-2.4mm 34.0 451.6 172800 5.80E-06 6.25E-06 11.18%

8 T+L,-24mm 34.0 196.5 86400 5.05E-06

9 T+L,-24mm | 345 268.2 86400 6.99E-06

9 T+ L, -2.4mm 34.5 541.4 172800 7.05E-06

10 T+L,-0.85mm | 35.0 430.5 172800 5.69E-06
10 T+L,-0.85mm | 35.0 203.9 86400 5.39E-06
11 T+L,-085mm | 36.0 583.2 | 172800 7.93E-06 6.73E-06 14.31%
11 T+L,-0.85mm | 36.0 287.8 86400 7.83E-06
12 T+L,-0.85mm | 35.0 522.1 172800 6.90E-06
12 T+L,-0.85mm | 35.0 250.2 86400 6.61E-06

13 T + WGL 37.0 195.9 86400 5.47E-06
13 T+ WGL 37.0 4329 172800 6.05E-06
14 T+ WGL 37.0 402.5 172800 5.62E-06 5.85E-06 7.05%
14 T+ WGL 37.0 189.2 86400 5.29E-06
15 T + WGL 38.0 2225 86400 6.39E-06
15 T + WGL 38.0 437.6 172800 6.28E-06
Overall Mean: 7.03E-06 £ 22.5%
T = Tailings

L = Limestone, Screen Size
WGL = Wet Ground Limestone



Table 7 - Column permeability (saturated hydraulic conductivity) results for Group 2-
Coarse Tailings obtained from the Quirke Waste Management Area, West Arm
Tailings Basin, Columns #16-21.

Column Material Permeability Test
# Coarse Depth | Volume | Time | Permeability | Average | Standard
Tailings an ml s cm/s cm/s Error
16 Control - 2 62.0 5270.6 5220 4.09E-03
16 Control - 2 62.0 1845.9 1920 3.89E-03
16 Control - 2 62.0 3513.2 3720 3.82E-03 | 421E-03 | 6.94%
17 Control - 2 59.9 3481.7 3060 4.45E-03
17 Control - 2 59.9 5294.2 4560 4.54E-03
17 Control - 2 59.9 1723.4 1500 4 49E-03
18 T+L,-63mm | 60.7 1809.3 2160 3.32E-03
18 T+ L, -6.3mm 60.7 5522.7 6540 3.35E-03
18 T+L,-63mm | 60.7 3674.0 4320 337E-03 | 3.12E-03 | 7.05%
19 T+ L, -6.3mm 58.5 34994 4560 2.93E-03
19 T+L,-6.3mm 58.5 1720.7 2280 2.88E-03
19 T+L, -6.3mm 58.5 5295.4 6960 2.90E-03
20 T+ WGL 61.2 3449.5 5160 2.67E-03
20 T+ WGL 61.2 1763.2 2400 2.93E-03
20 T+ WGL 61.2 5174.3 7620 2.71E-03 2.94E-03 6.99%
21 T+ WGL 69.1 1740.9 2400 3.27E-03
21 T+ WGL 69.1 3447.8 5100 3.05E-03
21 T+ WGL 69.1 5196.8 7740 3.03E-03
Overall Mean 3.43E-03 +17.3%
T = Tailings

L = Limestone, Screen Size

WGL = Wet Ground (Pulverized) Limestone




Table 8 - Column permeability (saturated hydraulic conductivity) results for Group 3-
Submerged Coarse Tailings, obtained from the Quirke Waste Management Area
West Arm Tailings Basin, Columns #22-24.

Column { Condition Permeability Test
# Coarse Depth | Volume | Time | Permeability | Average | Standard
Tailings cm ml s cm/s cm./s Error

22 Submerged 55.5 3317.5 2520 4.77E-03
22 Submerged 55.5 3309.7 2700 4.44E-03
22 Submerged 555 1576.1 1200 4.76E-03
22 Submerged 55.5 5414.7 4620 4.25E-03
22 Submerged 55.5 1692.5 1320 4.64E-03 4.55E-03 4.75%
22 Submerged 55.5 5383.5 4080 4.78E-03
22 Submerged 55.5 1706.8 1440 4.29E-03
22 Submerged 55.5 4875.9 3720 4.75E-03
22 Submerged 55.5 3566.9 3000 4.31E-03

23 Submerged 55.0 3586.5 2940 4.38E-03
23 Submerged 55.0 1820.9 1440 4.54E-03
23 Submerged 55.0 5366.2 4380 4 40E-03
23 Submerged 55.0 1685.0 1440 4.20E-03
23 Submerged 55.0 3280.4 2100 5.61E-03 470E-03 | 10.79%
23 Submerged 55.0 1603.5 1200 4.80E-03
23 Submerged 55.0 3364.7 2880 4.19E-03
23 Submerged 55.0 5023.5 3240 5.57E-03
23 Submerged 55.0 5636.3 4380 4.62E-03

24 Submerged 55.0 3248.4 2880 4.05E-03
24 Submerged 55.0 5081.5 4620 3.95E-03
24 Submerged 55.0 1601.1 1080 5.32E-03
24 Submerged 55.0 1656.9 1500 3.96E-03
24 Submerged 55.0 1675.8 1500 4.01E-03 430E-03 | 10.88%
24 Submerged 55.0 5063.7 4449 4.09E-03
24 Submerged 55.0 3304.8 2520 4.71E-03
24 Submerged 55.0 3374.4 3120 3.88E-03
24 Submerged 55.0 4870.1 3720 4.70E-03

Overall Mean 4.52E-03 £ 10%



Table 9 - Column permeability (saturated hydraulic conductivity) results for Group 4 - Crushed
Waste Rock (screen size -2.0 mm, -10 mesh) obtained from the Quirke Waste
Management Area, West Arm Tailings Basin (Internal Dyke Cell #14), Columns # 25-30.

Column | Material Permeability Test
# Waste Depth Volume Time | Permeability Average | Standard
Rock an ml $ cm/s cmy/s Error
Medium Acid Producing
25 QWR-A 50.0 1752.0 3000 1.91E-03
25 QWR-A 50.0 3496.0 5640 2.02E-03
25 QWR-A 50.0 5574.0 8520 2.13E-03 3.34E-03 39.88%
26 QWR-A 53.6 1782.0 1260 4.95E-03
26 QWR-A 53.6 3556.0 2820 441E-03
26 QWR-A 53.6 5334.0 4020 4.64E-03
High Acid Producing
27 QWR-B 50.2 1918.0 2820 2.23E-03
27 QWR-B 50.2 37449 5460 2.25E-03 2.83E-03 36.11%
27 QWR-B 50.2 5798.7 8220 2.31E-03
28 QWR-B 555 1692.5 1320 4.64E-03
Low Acid Producing
29 QWR-C 55.0 1361.5 5460 8.95E-04
29 QWR-C 55.0 2688.1 10800 8.93E-04
29 QWR-C 55.0 4130.4 16680 8.89E-04 7.97E-04 11.98%
30 QWR-C 55.0 1064.8 5460 7.00E-04
30 QWR-C 55.0 2482.7 12660 7.04E-04
30 QWR-C 55.0 3842.5 19680 7.01E-04

Overall Mean

2.27E-03 + 66.4%




Table 10 - Analysis of variance of column permeability results between control tailings and limed tailings sets for total mill
tailings (Group 1) and coarse tailings (Group 2).

F - Ratio Comparison at 5% Level of Significance

Control Limed Calculated Tabulated Significant
Column # Column # F - Test df(1) | df(2) | F - Ratio Difference at
Value 5% Level
Group - 1
Total Mill 1to3 4t015 10.25 1 28 42 Yes
Tailings
Group -2
Coarse Tailings 16t0 17 18 to 21 76.84 1 16 4.49 Yes
F - Ratio Comparison at 10% Level of Significance
Control Limed Calculated Tabulated Significant
Column # Column # F - Test df(1) | df(2) | F - Ratio Difference at
Value 10% Level
Group -1
Total Mill 1to3 4 to 15 10.25 1 28 7.64 Marginal
Tailings
Group - 2
Coarse Tailings 16to0 17 18t0 21 76.84 1 16 8.53 Yes

df = degree of freedom
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Table 11 - Analysis of variance of column permeability results within columns of the same group for submerged
coarse tailings (Group 3) and crushed waste rock (Group 4).

F - Ratio Comparison at 5% Level of Significance

Calculated Tabulated | Significant
Group # Column # F - Test df(1) | df(2) | F -Ratio | Difference at
Material Value 5% Level
Group - 3
Submerged 221024 1.91 2 24 3.40 No
Coarse Tailings
Group 4
Crushed Waste Rock 2510 30 9.25 2 13 3.81 Yes
F - Ratio Comparison at 10% Level of Significance
Calculated Tabulated | Significant
Group # Column # F - Test df(1) | df(2) | F -Ratio | Difference at
Material Value 10% Level
Group 4
Crushed Waste Rock 25t0 30 9.25 2 13 6.70 Marginal

df = degree of freedom
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Table 12 - Solid phase compositions of total mill tailings without additional
limestone, Control - 1, (columns #1 - 3). All values are in (%), unless
noted otherwise.

Element / Parameter Measured Standard
Concentration Deviation

Al 2.89 0.03
As, (ng/g) <50 -
Ba 0.103 0008
Ca 1.71 0.01
Ce 0.08 0.001
Cu, (pg/e) 59 5
Fe 2.49 0.03
K 2.03 0.07
Mg 0.085 0.001
Mn, (ng/g) 24 0.6
Na 0.075 0.003
Ni, (pg/g) <20 -
P, (ng/g) <30 -
Pb 0.035 0.001
Sb, (ng/g) <30 -
Si 34.82 -
Th 0.031 0.006
Ti 0.23 0.004
U <0.003 -
Zn (pg/g) 32 1.0
S - Soluble, (%) 1.31 -
S - Total, (%) 3.48 -
S - sulphide, (%) 2.17 -
Ra-226, (mBq/g) 7506 150
Total Acid Generation 67.81 -
Potential, kg CaCOs/tonne
Total Neutralization 6.40 -
Potential, kg CaCO;/tonne
Net Neutralization -61.41 -
Potential, kg CaCOs/tonne
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Table 13 - Solid phase compositions of total mill tailings mixed with 7.5% (w/w)
limestone, columns #4-15. All values are in (%), unless noted otherwise.

Element/Parameter Measured Standard
Concentration Deviation

Al 2.89 0.1
As, (ng/g) 315 26
Ba 0.095 0.004
Ca 491 0.3
Ce 0.082 0.001
Cu, (pg/g) 45 3
Fe 2.46 0.1
K 2.24 0.18
Mg 0.113 0.006
Mn, (ng/g) 25 2
Na 0.07 0.01
Ni, (ng/g) 26 11
P, (ng/g) 464 40
Pb 0.024 0.001
Sb, (ng/g) - -
Si 32.51 1.0
Th 0.05 0.003
Ti 0.21 0.01
U <0.004 -
Zn, (ng/g) 29 5
S - Soluble, (%) 1.02 -
S - Total, (%) 3.0 0.13
S - Total Sulphide, (%) 2.0 -
Ra-226, (mBg/g) 7577 326
Total Acid Generation 61.9 -
Potential, kg CaCQO:/tonne
Total Neutralization 82.32 -
Potential, kg CaCOs/tonne
Net Neutralization +20.44 -
Potential, kg CaCQOs/tonne
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Table 14 - Solid phase compositions of coarse tailings without limestone, Control - 1
(columns #16 and 17), and submerged coarse tailings (columns #22-24).
All values are in (%), unless noted otherwise.

Element/Parameter Measured Standard
Concentration Deviation

Al 2.60 0.2
As - -
Ba 0.078 0.0001
Ca 0.4 0.03
Ce 0.076 0.002
Cu, ((ng/g) 27 2
Fe 3.99 0.08
K 1.8 0.007
Mg 0.06 0.001
Mn, (ng/g) 29 2
Na 0.078 0.001
Ni, (ng/g) 28 5
P, (ng/g) . :
Pb 0.021 0.0004
Sb, (pg/g) - -
Si 36.6 -
Th 0.02 0.0006
Ti 0.24 0.007
U <0.004 -
Zn 21 2
S - Soluble (%) 0.14 -
S - Total (%) 4.36 -
S - Total Sulphide (%) 4.22 -
Ra-226, (mBg/g) 3899 260
Total Acid Generation 131.9 -
Potential, kg CaCOs/tonne
Total Neutralization 2.7 -
Potential, kg CaCOs/tonne
Net Neutralization -129.2 -
Potential, kg CaCOs/tonne
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Table 15 - Solid phase compositions of coarse tailings mixed with 7.5% (w/w)
limestone (columns #18-21). All values are in (%), unless noted

otherwise.
Element/Parameter Measured Standard
Concentration Deviation
Al 2.59 0.2
As - -
Ba 0.076 0.0001
Ca 3.50 0.03
Ce 0.074 0.002
Cu, (pg/g) 25 1
Fe 3.99 0.08
K 1.58 0.007
Mg 0.064 0.0007
Mn, (ug/g) 9.3 0.7
Na 0.074 0.0008
Ni, (ng/g) 29 5
P, (ng/g) - -
Pb 0.025 0.0002
Sb, (pg/g) - -
Si 35.08 1.3
Th 0.019 0.0006
Ti 0.219 0.007
U <0.004 -
Zn, (pg/g) 16 2
S - Soluble, (%) 0.117 -
S - Total, (%) 3.92 -
S - Total Sulphide, (%) 3.80 -
Ra-226, (mBqg/g) 3693 200
Total Acid Generation 118.75 -
Potential, kg CaCOs/tonne
Total Neutralization 75.9 -
Potential, kg CaCOs/tonne
Net Neutralization -42.8
Potential, kg CaCOs/tonne
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Table 16 - Solid phase composition of Quirke Mine waste rock (QWR-A), medium
acid generation potential, (columns #25 and 26). All values are in (%),
unless noted otherwise.

Element/Parameter Measured Standard
Concentration Deviation

Al 4.12 0.04
As, (pg/g) : .
Ba 0.175 0.003
Ca 0.47 0.01
Ce 0.039 0.001
Cu, (pg/g) 23 6
Fe 1.91 0.03
K - .
Mg 0.166 0.002
Mn, (pg/g) 152 1.5
Na 0.22 0.005
Ni, (pg/g) - -
P, (pg/g) - -
Pb 0.008 0.0006
Sb, (ng/g) - -
Si 38.03 -
Th 0.025 0.01
Ti 0.267 0.003
U 0.008 0.003
Zn, (pg/g) 27 1.0
S - Soluble, (%) 0.02 -
S - Total, (%) 0.82 0.23
S - Total Sulphide, (%) 0.80 -
Ra,-226 (mBg/g) 2758 128
Total Acid Generation 25.17 -
Potential, kg CaCQOs/tonne
Total Neutralization 15.06 -
Potential, kg CaCOs/tonne
Net Neutralization -10.7 -
Potential, kg CaCOs/tonne
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Table 17 - Solid phase composition of Quirke Mine waste rock (QWR - B), high
acid generation potential (columns #27 and 28). All values are in (%),
unless noted otherwise.

Element/Parameter Measured Standard
Concentration Deviation

Al 3.94 0.1
As, (ng/g) - )
Ba 0.207 0.01
Ca 0.265 0.0005
Ce 0.037 0.001
Cu, (pg/g) 18.7 1.5
Fe 1.46 0.07
K 2.62 0.15
Mg 0.123 0.004
Mn, (ug/g) 92.0 3
Na 0.133 0.003
Ni, (ng/g) - -
P, (ng/g) - -
Pb 0.01 0.001
Sb, (ng/g) . - -
Si 38.41 -
Th 0.022 0.006
Ti 0.161 0.004
U 0.0113 0.0008
Zn, (pg/g) 18 0.3
S - Soluble, (%) 0.02 -
S - Total, (%) 0.86 0.07
S - Total Sulphide, (%) 0.84 -
Ra-226, (mBg/g) 2769 123
Total Acid Generation 26.34 -
Potential, kg CaCOs/tonne
Total Neutralization 8.5 -
Potential, kg CaCQs/tonne
Net Neutralization -17.8 -
Potential, kg CaCQOs/tonne
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Table 18 - Solid phase composition of Quirke Mine waste rock (QWR-C), low acid
generation potential, (columns #29-30). All values are in (%), unless noted

otherwise.
Element/Parameter Measured Standard
Concentration Deviation
Al 5.04 0.04
As, (ng/g) - -
Ba 0.159 0.003
Ca 1.035 0.02
Ce 0.0282 002
Cu, (pg/g) 45.0 0.1
Fe 3.80 0.02
K 2.39 0.05
Mg 0.505 0.001
Mn, (pg/g) 489 5
Na 0.70 0.002
Ni, (}lg/ g) - -
P, (ng/g) - -
Pb 0.006 0.0006
Sb, (ng/g) - -
Si 34.32 -
Th 0.01 0.0001
Ti 0.425 0.004
U 0.005 0.001
Zn, (pg/g) 94.5 2
S - Soluble, (%) 0.01 -
S - Total, (%) 0.42 0.16
S - Total Sulphide, (%) 0.41 -
Ra-226, (mBqg/g) 1750 110
Total Acid Generation 13.01 -
Potential, kg CaCOs/tonne
Total Neutralization 26.82 -
Potential, kg CaCOs/tonne
Net Neutralization +13.81 -
Potential, kg CaCOs/tonne
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