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Appendix A Historical Data on Uranium Tailings Chemstry

1 SUMMARY

COGEMA Resources Inc. (COGEMA), operator of the McClean Lake Project, has applied to
the Atomic Energy Control Board (AECB) for approval to construct a tailings management
facility (TMF) at the mined-out JEB open pit. AECB'’s assessment of approval applications has
identified outstanding issues which need to be addressed prior to requesting a decision on
construction approval. Three of these outstanding issues which relate to tailings pore water
contaminant concentrations, in particular the arsenic source term, are:

e geochemical and mineralogical analysis of tailings samples,

e results of geochemical modelling of the long-term tailings pore water chemistry for
various arsenic reduction alternatives, and

» analysis of the arsenic treatment process that may be incorporated into the mill process
circuits.

In order to assist with COGEMA's response to the AECB, Melis Engineering Ltd. (Melis) was
commissioned to review the project and file information to collect data on uranium tailings
chemistry, particularly as related to uranium, arsenic, nickel and radium. File information on
testwork carried out by Minatco Limited on various McClean Lake ores was also reviewed.
Permission for use of data proprietary to other clients was obtained as necessary.

The following summarizes observations made from a review of the data obtained on
Saskatchewan uranium deposits:

e tailings aging testwork on Midwest pilot plant tailings, which simulated a 10-year aging
period, essentially under oxidizing conditions, yielded arsenic levels of 2.1 mg As/L to
15.2 mg As/L in tailings seepage water and 9.6 mg As/L to 31.6 mg As/L in surface
runoff water,

» from 10 different sources of tailings test data based on the ammonium sulphate solvent
extraction process, made up of 21 individual arsenic analyses, arsenic levels in filtrate
from prepared tailings ranged from 0.40 mg As/L to 11.9 mg As/L, with an average of
4.0 mg As/L. There was one anomalously high value (32 mg As/L) in one test program
on Midwest ore which, if included in the data, would increase the average tailings filtrate
pore water arsenic content to 5.2 mg As/L,

e arsenic levels in filtrate from bulk neutralized tailings prepared on the basis of the strong
acid strip solvent extraction process, from eight different sources of test data, made up
of 12 arsenic analyses, ranged from 0.43 mg As/L to 48.4 mg As/L for an average of

10.8 mg As/L,
COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
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e on average, tailings water prepared on the basis of the strong acid strip process
contains higher levels of arsenic than tailings water prepared on the basis of the
ammonium sulphate stripping process,

e the arsenic level in tailings pore water prepared from tailings neutralization at pH 8
(average of 16 mg As/L) is approximately one third the arsenic content in pore water
prepared from tailings neutralized to pH 11 (average of 44 mg As/L),

« measurements taken on Key Lake tailings in 1985 yielded arsenic analysis of 0.76 mg
As/L to 4.6 mg As/L for tailings discharge filtrate, 0.37 mg As/L to 13.0 mg As/L for
tailings porewater, and 0.06 mg As/L to 0.07 mg As/L for tailings seepage,

e a 28-day aging test on Midwest tailings, prepared on the basis of the strong acid strip
process, showed that arsenic levels stabilized after 7 days at 28 mg As/L, although
there was a slight excursion from 28 mg As/L to 32 mg As/L from 14 days to 28 days,

e redissolution tests carried out on pressure filtered Midwest tailings immersed in water
(75 g in 500 mL of tailings water) showed that concentrations in the supernatant levelled
off after four weeks, to 30 mg As/L to 40 mg As/L,

e aone-year aging test on Midwest/Sue A and B tailings yielded a tailings filtrate analysis
of 63 mg Asl/L,

e a 370-day aging test showed a gradual increase in arsenic content, from 2.8 mg As/L to
18 mg As/L with no barium chloride addition and from 4.5 mg As/L to 15 mg As/L with
barium chloride addition,

e the arsenic content in tailings decant water, prepared on the basis of the strong acid
strip process, decreased gradually with increasing pH, from 17.0 mg As/L at pH 7.2 to
4.1 mg As/L at pH 11.0,

e the arsenic content in neutralized leach residue filtrate decreased with increasing pH,
from 0.64 mg As/L at pH 9 to 0.22 mg As/L at pH 11.5,

e increasing Fe/(As + Mo) ratio in tails water neutralization and treatment greatly reduces
arsenic levels in treated water. Ferrous iron and ferric iron appear to be equally
effective,

« higher Fe/As ratios in raffinate appear to lead to lower arsenic levels in tailings water in
the long term, and

e mineralogical examination of uranium tailings has shown them to be largely a mixture of
gypsum and amorphous solids of hydrous oxides and hydroxides, as well as remnant
host rock minerals such as quartz and clays.

COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
Geochemistry of JEB Pit Uranium Mill Tailings - Substantiation of Source Terms Version 1997 .1
Page A-2



Appendix A Historical Data on Uranium Tailings Chemstry

2. MIDWEST

21 Pilot Plant (1981/1982) And Accelerated Tailings Aging Data (1982/1984)

In 1981 and 1982 a major pilot plant program, using ammonium sulphate stripping in the
solvent extraction circuit, was undertaken by Canada Wide Mines Limited at Ontario Research
Foundation, now called Ortech International (Ortech), in Mississauga, Ontario to develop design
criteria for the Midwest uranium project. This program included the deposition of Midwest
tailings, approximately nine tonnes in total at a slurry density of 29% to 33% solids(w/w), into a
contained tailings containment area, to test the layered tailings concept. Following the
deposition of tailings, the tailings facility was monitored by Canada Centre for Mineral and
Energy Technology (CANMET) for a period of almost two years, during which time a five-fold
accelerated weathering was simulated, including freeze/thaw cycles. It is important to note that
this tailings simulation was typically under oxidizing conditions (wetting/drying) and hence the
leachate results obtained can likely be considered as a worst case.

The pilot plant feed used in the preparation of these tailings typically assayed 1.87% U to
2.12% U, 3.2% As, 1% Ni and a radium (**Ra) content of 275 Bg/g. Ammonium sulphate
stripping was used in the solvent extraction circuit. The following analyses were typical of the

tailings during the pilot plant operation and during the accelerated weathering tests:

Ammonium Sulphate Stripping Process - Midwest Pilot Plant Tailings Analyses

Item Tailings Seepage Runoff
Solids (% or Bqglg) L Liquid (mg/L or Bg/L) | (mg/L or Bg/L) (mg/L or Bg/L)
Uranium (as U)
During Pilot Plant Operation 0.25* <0.5 - -
Accelerated Weathering - First 15 months - - 0.45t0 1.74 0.75t02.34
- Last 7% months - . 1.0to 1.8 0.48t0 1.2
* high value because of test conditions used in pilot plant evaluation of leaching.
Arsenic
During Pilot Plant Operation 20to 2.1 0.4to6 1.24t03.6 1.35t0 10.9
Accelerated Weathering - First 15 months - - 21t015.2 961t031.6
- Last 72 months 222 - 8.5t0 12 7.1t013
Nickel
During Pilot Plant Operation 1.2to1.5 0.2to1 0.1t0 0.5 0.6t0 0.8
Accelerated Weathering - First 15 months - - 0.02 to 0.15 0.03to 0.40
- Last 7%2 months 1.26 - 0.10t0 0.33 0.01to 0.64
Radium -226
During Pilot Plant Operation 130 to 170 0.37 0.39 0.27
Accelerated Weathering - First 15 months - - 0.37 to 1.55 0.16 to 0.59
- Last 7% months - - 226 1.48
pH
During Pilot Plant Operation - 1 116 7.0
Accelerated Weathering - First 15 months - - 11.4t06.9 68t07.7
- Last 7% months - - 7.0 7.4

COGEMA Resources Inc. - McClean Lake Project (JEB)
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The main conclusions drawn from this test program, which are not in any particular order of
importance, were as follows:

e there was some increase in seepage and runoff uranium content but typical levels
were in the range of 0.5 mg U/L to 1.8 mg UIL,

e the arsenic in seepage was variable with some spikes but all values were in the
range of 1.24 mg As/L to 15.2 mg As/L, except for a flood test which increased the
concentration to 45.9 mg As/L,

e the arsenic content in runoff decreased in the first 15 months from about 30 mg As/L
to about 10 mg As/L, and leveled off to an average of 11 mg As/L in the last 77
months,

e the nickel content, which was in the range of 0.02 mg Ni/L to 0.64 mg Ni/L, was
generally higher in runoff than in seepage,

o radium content in seepage and runoff rose irregularly during the first 15 months and
did not demonstrate a trend in the last 772 months,

« the radium activity was observed to increase with an increase in fines content,
+ the average ratio of arsenic and nickel in tailings was 5 to 3.

» ferric arsenate precipitate was identified as one of the dominant species of the
tailings fines, and

« the seepage solution pH declined from pH 11 to pH 7.

2.2 Aging of a Madawaska/Midwest Tailings Mixture (1982)

In order to assess the possibility of disposing Midwest pilot plant tailings into the (formerly
operating) Madawaska Mine tailings containment area in Bancroft, Ontario, brief aging tests
were completed on a 300/1 blend of Madawaska tailings (<0.06% U, 0.01% As and 0.01% Ni)
and Midwest pilot plant tailings (<0.13% U, 3.14% As and 1.52% Ni). The tailings mixture was
agitated over a period of 17 days with the pH maintained at pH 8.3 to 8.7. The main intent of
this test was to quantify the arsenic concentration in seepage when mixing a small amount of
Midwest tailings with the arsenic-free Madawaska tailings.

The arsenic content in the tailings liquid seemed to “plateau” at 0.20 mg As/L to 0.25 mg As/L
from an initial value of 0.04 mg As/L, although there was one high value (0.34 mg As/L) after 17
days. The nickel concentration increased to 0.20 mg Ni/L after five days, but decreased to 0.12
mg Ni/L after eight days.

COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
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2.3 Bench Scale Testing at Colorado School of Mines Research Institute (CSMRI)
(1981)

An extensive bench scale test program was carried out at CSMRI to determine process
requirements for the Midwest Project. Part of the testing included bench scale simulation of the
layered tailings concept using tailings prepared from a Midwest sample assaying 2% U, 4% As
to 5% As and 2% Ni to 2.5% Ni. Ammonium sulphate stripping was used for solvent extraction.
Neutralized tailings were prepared by combining neutralized leach residue and precipitates from
two stage neutralization/barium chloride treatment of raffinate (with an average content of 2.34
g As/L and 1.23 g Fel/lL for an Fe/As ratio of 0.53/1) and seepage and runoff solution. Seven
successive layers were placed at two different final tailings pH levels (pH 8 and pH 11) and
samples of seepage and runoff were taken for analysis. The following results were obtained:

Ammonium Sulphate Strippping Process - Midwest Bench Scale Layered Tailings Testing - Seepage and Runoff Analysis

Layer Seepage Runoff
As (mg/L) Ni (mg/L) Ra (Bq/L) As (mg/L) Ni (mg/L) Ra (Bg/L)
pH 8 pH 11 pH 8 pH 11 pH8 pH 11 pH8 pH 11 pH 8 pH 11 pH8 pH 11
1 Lo 9 3.0 <0.2 | 266 139 22 6 - <0.2 | 115 170
2 5.7 9 9.9 - 108 127 10 13 10 - 167 167
3 5.6 18.7 13.9 <0.02 - 108 10 20 - <0.02 59 141
4 24 30 19.1 <0.02 52 112 21.3 12 12.6 <0.02 21 97
5 24 ri 19.2 0.75 39 117 33 75 7.9 0.9 44 84
6 16 81.3 19.0 1.7 44 103 41.5 - 124 - 59 -
T 22 88 20.1 16 47 115 - 29 - 0.4 - 50
Note:
1. Anomalous value of 40.5 mg As/L for Layer 1 at pH 8 considered erroneous and is therefore not included in the
data.

2.4 Bench Scale Testing for PNC Exploration (Canada) Co. Ltd. (1990)

Testwork was completed for PNC at Lakefield Research Limited in Lakefield, Ontario to
compare the ammonium sulphate strip and strong acid strip processes. A 1982 Midwest pilot
plant feed sample, which assayed 1.78% U, 3.6% As, 1.8% Ni and 240 Bqg/g %**Ra, was used in
this testwork. Tailings were prepared for each process using two stage (pH 5 and pH 11) liquid
effluent treatment and final neutralization of resulting precipitates with leach residue at pH 10.5
to pH 11. The total tails supernatant analysis for each test was as follows:

COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
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Midwest Total Tails Preparation Analysis (mg/L or Bg/L)
Analyte Liquid Effluent Tailings Supernatant
(NH,),S0, Strong Acid (NH,);S0, Strong Acid

U a7z 39 <1 <1
As 4290 3820 0.51 48.4
Ni 2180 1940 0.57 189
Fe* 820 788 - -
2Ra - - 14 33
pH . s 10 10
Fe*/As Ratio 0.19 0.21 - -

The high nickel content for the strong acid strip supernatant appears anomalous in light of the
high (pH 10.5 to pH 11) neutralization pH.

25 Bench Scale Testing for Denison Mines Limited (1990)

Bench scale testwork was completed for Denison Mines Limited at Lakefield Research Limited
in Lakefield, Ontario to update the design criteria for the Midwest Project and to generate
environmental data for the Midwest Environmental Impact Statement. Tailings were prepared
from a strong acid strip process using a composite made up from 1982 pilot plant feed material
which assayed 3.99% U, 5.81% As, 3.47% Ni and 500 Bqg/g **Ra.

Strong Acid Strip Process - Midwest Tailings Analysis
Item Supernatant
U(mg/L) | As (mg/L) | Ni (mg/L) | 226Ra (Bgq/L) pH

First Cycle (Test ET7) <0.5 59 20 - -
Second Cycle (Test ET8) <0.5 15.0 16 18 -
Large Scale Test (50 kg) <1 5.02 0.46 14 10.5

Item Solids

U (%) As (%) Ni (%) | 226Ra (Bql/g)

Large Scale Test (50 kg) 0.041 2.36 1.74 260 -

*

supernatant pH <10 due to precipitate with a lower pH added to the final tailings mixture.

The effect of pH on tailings decant water was assessed by increasing the pH of a total tails
mixture, prepared on the basis of the strong acid strip process, and measuring the elemental
content of tailings decant water. The following results were obtained:

October 31, 1997
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Effect of pH on Midwest Tailings Decant Water Analysis (mg/L)
pH u As Ni Mo
7.2 <1 17 57 7.5
8.0 <1 14 1.6 9.1
8.5 <1 1 0.6 9.5
9.0 <1 9.5 0.2 10.0
9.5 <1 7.3 <0.1 9.8
10.0 <1 9.0 <0.1 10.0
10.5 <1 5.9 <0.1 9.9
11.0 <1 41 <01 9.3

2.6  Re-Dissolution Tests (1991)

Tailings tests were completed at Saskatchewan Research Council (SRC) on Midwest tailings
made up by Lakefield Research Limited (Lakefield) by processing a 50 kg pilot plant sample
using the strong acid strip process. Waste neutralization and treatment involved a two stage
treatment circuit and combined neutralization of waste precipitates and tailings to a target pH of
10.5 to produce final tailings. The following analyses were obtained:

Strong Acid Strip Process - Analyses of Midwest Tailings
Element Feed (%) Tails Solids Tails Filtrate
(% or Bgl/g) (mg/L or Bq/L)
U 3.99 0.041 0.09
As 5.81 3.20 7.61
Ni 3.47 1.60 0.06
2Ra - 250 30
pH - - 8.0

Analyses of tailings filtrate after standing for 0, 7, 14 and 28 days were as follows:

- Midwest Tailings Aging Tests - Tails Filtrate Analysis (mg/L)
Element 0 Days 28 Days
U <05 <0.5 <0.5
As 15 28 32
Ni 16 26 32

Re-solubility tests were completed on pressure filtered tailings by immersing 75 g of tailings
filter cake in 500 mL of water and analyzing the supernatant water after 1, 7, 14, 28, 56 and 84
days.

COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
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The following liquid analyses and solid analyses were obtained:

Midwest Tailings Re-solubility Tests - Solids Basis

Time As Ni 2%5Ra
% % Dissolution % % Dissolution Balg % Dissolution
Day 0 3.20 - 1.60 B 250 -
Day 1 3.20 - 1.80 B 250 -
Day 7 3.10 31 1.70 - 250 -
Day 14 3.10 3.1 1.70 - 250 -
Day 28 3.00 6.5 1.60 - 250 -
Day 56 3.10 3.1 1.80 - - -
Day 84 3.20 - 1.50 6.3 - -
Midwest Tailings Re-solubility Tests - Liquid Basis

Time As Ni 2%Ra

mg/L % Dissolution mg/L % Dissolution Bg/L % Dissolution
Day 0 7.6 - 0.06 - 30 -
Day 1 56 0.09 0.30 0.01 15 0.03
Day 7 22.3 0.50 1.2 0.06 26 0.07
Day 14 24.0 0.45 2.2 0.09 25 0.06
Day 28 33.0 0.59 4.2 0.15 24 0.05
Day 56 325 0.57 3.8 0.14 20 0.04
Day 84 37.8 0.68 3.1 0.1 20 0.04

2.7

Tailings Preparation for Uranerz Exploration and Mining Limited (Uranerz) (1 994)

Testwork was completed for Uranerz at Lakefield to generate data for tailings prepared on the
basis of the ammonium sulphate stripping process using a two stage atmospheric/pressure
leach. The composite used for testing assayed 3.10% U, 6.84% As, 4.13% Ni, 0.04% Co and
0.12% Mo. To represent the neutralization circuit in use at Rabbit Lake, the total tailings slurry
was prepared using separate neutralization of liquid effluents (raffinate, acid scrub, and spent
regenerant) and leach residue with no barium chloride or ferric sulphate addition. The
neutralized leach residue and precipitates from liquid effluent neutralization were then combined
to prepare a final tailings slurry. The following tailings analyses were obtained:

Ammonium Sulphate Stripping Process - Analysis of Midwest Tailings

Tailings Solids

U (%) 0.054
As (%) 3.38
Ni (%) 2.20
?Ra (Bg/g) 200
Tailings Filtrate

U (mag/L) 0.015
As (mg/L) 32

Ni (mg/L) 0.10
2%Ra (Ba/lL) 80

pH 8.1

COGEMA Resources Inc. - McClean Lake Project (JEB)
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3. MIDWEST/SUE A AND B

3.1 Bulk Neutralization Aging Test (1992)

A one year tailings aging test was completed for Minatco Limited (Minatco) by Lakefield
(Projects No. 4307 and 4424-013) on tailings prepared from a blend of Midwest and Sue A and
B samples (2.75 % U, 6.2 % As and 3.86% Ni), processed using the strong acid strip process.
Bulk neutralization of raffinate (containing 6.06 g As/L and 0.80 g FellL, for an Fe/As ratio of
only 0.13/1) and barren strip solution, spent regeneration solution and leach residue to pH 11
was used to generate the tailings slurry. The following analysis was obtained after aging the
neutralized tailings sample for one year:

Single Stage Bulk Neutralized Midwest/Sue A and B Tailings
Based on Strong Acid Strip Process - One Year Aging Test
Element Tailings Filtrate Analysis
U (mgi/L) 1.5
As (mg/L) 63
Ni (mg/L) 0.52
2%Ra (Bg/L) 260

3.2 Simulation of JEB Mill and JEB Water Treatment Plant (1994)

COGEMA Resources Inc. (COGEMA)'s SEPA laboratory in Bessines, France prepared tailings
on a Midwest/Sue A and B blend using the JEB mill/water treatment plant process. Neutralized
residue and waste precipitates were combined and the pH adjusted to 11 to prepare a sample
of total tails. The following analyses were obtained:

Midwest/Sue A and B Tailings Analysis - JEB Mill Process (Ammonium Sulphate Stripping)
Element Midwest/Sue A and B Blend Feed Tailings Pore Water
(% or Bg/g) (mg/L or Bg/L)
U 2.72 <0.05
As 6.4 4.97
Ni 35 0.06
2R3 377 76
pH - 1.2

3.3 Total Testwork (1992)

As part of the process development testwork for the McClean Lake mill, Minatco Limited
commissioned testwork on a Midwest/Sue A and B ore blend (2.99% U, 6.79% As, 4.75% Ni)
by Total Compagnie Miniere France, Division Nord Massif Central, Departement Traitement des
Minerais (Total). This work by Total entailed the preparation of neutralized tailings based on
the strong acid strip process. The tailings preparation procedure included bulk neutralization of
leach residue, raffinate, regeneration solution, gypsum cake and acidic barren solution with lime
to pH 4, and then to pH 11. The following filtrate analyses were obtained:

COGEMA Resources Inc. - McClean Lake Project (JEB)
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Appendix A
Midwest/Sue A and B Tailings Filtrate Analysis
Based on Strong Acid Strip Process
Item Feed First Stage Second Stage
(Lime Only) (BaCl, + Fe™)
pH 1.3 10.9 6.8
As (mg/L) 6596 28.8 0.15
Ni (mg/L) 6112 0.7 0.25
2Ra (Bg/L) 27.1 31.9 <0.01

The first stage filtrate was also treated using BaCl, at pH 7 with varying Fe*/(As+Mo) ratios.
The following results were obtained:

Treated Effluent Arsenic Reduction Tests

Fe*/(As+Mo)

51

101

20/

Filtrate - As (mg/L)

0.15

0.07

0.007

COGEMA Resources Inc. - McClean Lake Project (JEB)
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4. SUE A AND B

4.1 Total Testwork (1992)

A blend of Sue A and B ore, assaying 0.95% U, 3.12% As and 3.19% Ni, was used by Total to
prepare tailings for testing. Leach residue and raffinate (containing 3.363 g As/L and 0.575 g
FellL, for an Fe/As ratio of 0.17/1), mixed on the basis of a liquid/solid ratio of 4.5/1, was first
neutralized with lime and with and without BaCl,. The resulting filtrate from the test with no
BaCl, was then treated at pH 7 with BaCl, and Fe*" or Fe* addition at a Fe/(As+Mo) ratio of

711. The following results were obtained:

Sue A and B Tailings Neutralization and Treatment
First Stage (pH 11) No BaCl, BaCl; (25 mg/L)
2%Ra (Bg/L) 16.7 19.7
As (mg/L) 8.9 52
Ni (mg/L) 0.1 0.1
Second Stage (pH 7) Fe*'/(As+Mo) = 7/1 | Fe*/(As+Mo) =71
2%Ra (Bg/L) 0.12 0.10
As (mg/L) 0.20 0.18
Ni (mg/L) 0.08 0.08
Third Stage (pH 7.5, 25 mg BaCl, /L)
26Ra (Bg/L) 0.03 0.02

COGEMA Resources Inc. - McClean Lake Project (JEB)
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5. JEB/SUE C/McCLEAN LAKE

5.1

COGEMA Testwork (1994)

COGEMA’s SEPA laboratory in Bessines, France prepared tailings from JEB, Sue C and
McClean Lake samples using a simulated JEB mill process.

The following analyses were

obtained:
JEB/Sue C/McClean Lake Tailings - JEB Mill Process (Ammonium Sulphate Stripping)
Ore Feed Tailings Filtrate
U (%) | As (%) | Ni(%) | ***Ra(Bqglg) U(mg/L) | As(mg/L) | Ni(mg/L) | *Ra (BqglL) pH
JEB 2.56 0.57 0.60 327 <0.05 5.17 0.02 9.1 9.69
Sue C 5.25 0.15 0.11 674 <0.05 2.02 <0.01 15 10.48
McClean Lake 3.90 0.81 0.34 481 <0.05 11.90 0.02 13 11.15
5.2  Ortech Testwork (1991)

As part of the metallurgical development testwork for the McClean Lake Project, Ortech
generated tailings aging test analyses by bulk neutralizing JEB/Sue C/McClean Lake leach
residue, raffinate and acid barren strip to pH 10 to 11 with and without barium chloride. The
liquid in the feed before neutralization contained 0.972 g As/L and 1.4 g Fe/L, for an Fe/As ratio
of 1.44/1. The following tailings filtrate analyses were obtained over a period of 370 days:

JEB/Sue C/McClean Lake Tailings Filtrate Analysis

Day Without BaCl; Addition With BaCl, Addition
U (mg/L) | As (mg/L) | Ni (mg/L) | **Ra (Bg/L) pH U (mg/L) | As (mg/L) | Ni(mg/L) | **Ra(BqlL) pH
0.33 2.8 0.01 130 9.70 0.14 4.5 0.01 140 9.88
T 0.53 6.0 0.02 130 9.13 0.60 7.0 0.03 110 9.15
30 0.85 8 0.03 99 9.49 0.43 7.0 <0.01 93 9.40
90 4.2 1" 0.05 54 8.64 4.8 9.8 0.01 34 8.10
180 7.4 12 0.01 82 9.04 7.2 13 <0.01 86 9.07
370 28 18 0.02 95 8.41 20 15 0.02 76 8.33
5.3 Lakefield Testwork - Sue C (1990)

Lakefield completed a hydrometallurgical test program on a composite of Sue C mineralization
assaying 4.19% U, 0.16% As and 0.11% Ni. Processing was based on the strong acid strip
process. Bulk neutralized tailings were prepared by neutralizing leach residue, raffinate and
acidic barren strip liquor to pH 11.5 with lime only. The following analyses were obtained for
neutralized tailings filtrate:

COGEMA Resources Inc. - McClean Lake Project (JEB)
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Strong Acid Strip Process
Sue C Tailings Filtrate Analysis
Element Tailings Filtrate Analysis
Test ET1 Test ET2
U,0, (mg/L) <1 <1
As (mg/L) 0.43 0.45
Ni (mg/L) <0.05 <0.01
Z®Ra (Bq/L) - 50
pH 8.8 10.4

5.4 Total Testwork - Sue C (1993)

A sample of Sue C ore (3.26% U, 1.04% As, 1.32% Ni) was used by Total to prepare tailings
based on the strong acid strip process. Waste streams were first bulk neutralized with lime to
pH 11 and the first stage filtrate was treated first at pH 4 and then at pH 7 using BaCl, and

Fe**/(As+Mo) ratios of 5/1 and 10/1).

The following results were obtained:

Strong Acid Strip Process - Sue C Tailings Treatment Tests
| Feed | FirstStage Second Stage Third Stage
Fe®*/(As+Mo) 51 10/ 51 101
pH 1.2 10.7 40 4.0 7.1 73
As (mglL) 91.7 56 <0.05 0.6 0.009 |  0.009
Ni (mg/L) 124 03 0.4 0.5 0.22 0.19
Ra (Bg/l) 26.4 202 0.2 0.2 <0.01 | <0.01
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6. CIGAR LAKE

6.1

COGEMA Testwork (1994)

As part of development testwork carried out for the Cigar Lake Project at COGEMA’s SEPA
laboratory in Bessines, France, residue neutralized to pH 8.2 and total tails prepared by two
stage bulk neutralization were used to provide the following analyses:

Ammonium Sulphate Stripping Process - Analyses for Cigar Lake Tailings Preparation
Stream U (% or mg/L) | As (% or mg/L) | Ni (% or mg/L) | **Ra (Bg/g or Bg/L) pH
Feed 1521 2.57 12 1910
Neutralized Residue | Solids 0.09 212 1.27 - -
Supernatant 0.21 1.6 0.13 132 8.0
Total Tails Supernatant - 2.76 - 358 10.25

6.2 Melis Testwork (1993)

Melis prepared Cigar Lake tailings for geotechnical and chemical testing based on a two stage
atmospheric/pressure leach and ammonium sulphate stripping. Tailings were prepared from
two different Cigar Lake samples using two stage bulk neutralization treatment of leach residue,
raffinate and spent regeneration solution with a final pH of 10.4. The following analyses were
obtained:

Ammonium Sulphate Stripping Process - Cigar Lake Tailings Analysis
Feed Sample U (% ormg/L) | As (% ormg/L) | Ni(% ormgll) | **Ra (Bg/g or Bqg/L) pH

Phase | (13.38% U, 1.52% As)
- Tailings Solids 0.055 0.99 0.67 850 =
- Tailings Filtrate 0.42 6.4 0.04 100 10.4
Phase 11 (6.44% U, 1.30% As)
- Tailings Solids 0.052 1.10 0.81 1100 -
- Tailings Filtrate 0.09 4.8 0.015 250 10.3

6.3 Melis Testwork (1988/1989)

As part of Cigar Lake testwork, simulated Cigar Lake tailings were aged for 49 days and the pH
monitored (elemental analysis was not requested). There was a slight drop in pH for three tests
with different initial pH values: pH 5.28 to pH 5.00, pH 11.0 to pH 8.92, and pH 12.5 to pH 11.
A tailings supernatant collected from a blended sample of tailings prepared by Cogema’s SEPA
laboratory assayed 0.155 mg U/L, 0.62 mg As/L, 0.11 mg Ni/L and 190 Bq/L ***Ra.

A tails liquid sample collected from a simulated tailings neutralization and treatment test at a
final pH of 8.0 contained 0.15 mg U/L, 0.094 mg As/L, 0.26 mg Ni/L and 330 Bqg/L *°*Ra. The
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liquid effluent used in this simulated test contained 2.83 g Fe?*'/L, 1.8 g Fe*'/L and 0.424 g As/L,
for an overall Fe/As ratio of 10.9/1.

The effect of pH on leach residue neutralization was tested with the following results obtained:

Cigar Lake Leach Residue Neutralizatior of pH
pH b Tailings Filtrate Analysis (mg/L)
_ u As Ni
9 0.19 0.64 0.5
10 0.09 0.87 0.02
11 0.08 0.36 0.02
11.5 0.10 0.22 0.03
COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
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7. KEY LAKE

71 Melis Nickel/Arsenic Study for National Uranium Tailings Program (1986)

Tailings Analysis

From data provided by the Key Lake operation, and from testwork carried out on liquid waste
streams from the Key Lake mill, the following were estimated concentrations of arsenic and
nickel in the Key Lake mill tailings:

Key Lake Tailings - Estimated Arsenic and Nickel Concentrations
Element Mill Feed (%) Tailings
Solids (%) Liguid (mg/L)
As 1.2 0.92 2.0
Ni 1.46 1.46 0.5

Mineralogical Examinations

A total of 13 precipitates prepared in the testwork were examined visually and by a scanning
electron microprobe. The precipitates were found to consist of abundant gypsum, some
pisoliths (round nodules) of various sizes and colors, and yellow-brown material composed of
aggregates of sub-micron size tabular crystals. X-ray diffraction studies showed that the
yellow-brown material and the shells of pisoliths were amorphous.

Chemical analyses, expressed as standard oxides, showed that the amorphous residues are
hydrous, and can contain up to 37.7% NiO, 25.2% As,O,;, and 24.5% Fe,O; and lesser
quantities of Al,O,, SiO, and possibly CaO. Vanadium, zinc, cobalt, copper and yttrium were
present in minor concentrations. Further Raman microprobe analysis indicated the presence of
ferric arsenate.

Study Conclusions

A detailed nickel/arsenic metallurgical balance for the Key Lake circuit indicated that
approximately 55% of the nickel and 60% of the arsenic in the Key Lake tailings were present in
the form of chemical precipitates produced in the waste treatment circuit. Mineralogical
examinations of these precipitates were not successful in identifying the nature of these
precipitates since no crystalline nickel or arsenic precipitates could be determined. The
precipitates appeared to be a mixture of amorphous solids of hydrous oxides and hydroxides.
From assessment of available chemical data, it was concluded that arsenic was present as
aluminum and iron arsenates in equilibrium with their respective metal hydroxides.

Implications from geochemical modeling were that aging was thought not to have a detrimental
effect on the dissolution of arsenate precipitates. In the anoxic environment of tailings
porewater, iron (II) arsenates could be considered thermodynamically stable whereas the
dissolution rates of iron (III) and aluminum arsenates are probably sufficiently low to allow
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readsorption of dissolved arsenate on metal hydroxide surfaces. In addition, dissolved iron (III)
may be reduced to iron (II), during oxidation of arsenic (III) to arsenic (V), thereby allowing the

reprecipitation of iron (III) arsenate as iron (II) arsenate.
mechanisms would be thought to yield arsenate concentrations in the mg/L range.

The combined effect of these

7.2 Knight and Piesold Ltd. Data for National Uranium Tailings Program (1985)

Sampling of Key Lake tailings in 1985 by Knight and Piesold Ltd. for the National Uranium
Tailings Program yielded the following analyses:

Key Lake Tailings Liquid Analysis

Item As (mg/L) Ni (mg/L)
Tailings Discharge 0.76 to 4.6 0.11t0 0.29
Tailings Pore Water 0.37 to 13.0 0.041 to 0.56
Tailings Seepage 0.06 to 0.07 0.041 to 0.094

COGEMA Resources Inc. - McClean Lake Project (JEB)
Geochemistry of JEB Pit Uranium Mill Tailings - Substantiation of Source Terms

October 31, 1997
Version 1997.1
Page A-17



Appendix A Historical Data on Uranium Tailings Chemstry

8. AVAILABLE DATA SPECIFIC TO IRON/ARSENIC RATIO

A review of the above information has provided the following tailings chemistry information with
respect to iron/arsenic (Fe/As) ratio and its effect on tailings water arsenic content:

Saskatchewan Uranium Tailings - Fe/As Ratio Data

Ore Raffinate Tailings Filtrate Strip Process
Fe(g/L) | As (g/L) Fel/As Ratio pH As (mg/L)
Weight Molar
JEB/Sue C/McClean 1.4 0.972 1.44/1 1.93 9.8 2.8to 4.5 (Day 1) Strong Acid
8.4 15 to 18 (Day 370) | Strong Acid
Cigar Lake 46.3 0.424 10.91 15.7 8 0.094 (NH,),50,
Midwest 1.23 2.34 0.53/1 0.76 8 5.7 (Layer 1) (NH,),SO,
24 (Layer 4) (NH,),S0,
11 9 (Layer 1) (NH,),S0,
88 (Layer 7) (NH,),S0,
0.820 4.29 0.191 0.27 10 0.51 (NH,).S0,
0.788 3.82 0.211 0.30 10 48.4 Strong Acid
Midwest/Sue A and B 0.80 6.06 0.1311 0.19 - 63 (1 Year) Strong Acid
Sue A and B 0.575 3.36 01711 0.24 11 52t0 89 N/A (Leach Residue
and Raffinate only)

Even though the above data originates from different test programs, which were not aimed at
quantifying the impact of Fe/As ratio in raffinate on tailings water chemistry, there is a definite
trend of lower arsenic levels in tailings water with increasing Fe/As ratios in raffinate, or in the
liquid component of tailings slurry.

For example, at a very high Fe/As weight ratio (10.9/1 for a Cigar Lake test), the tails filtrate
water arsenic concentration is very low (0.094 mg As/L), whereas comparable ammonium
sulphate strip tailings data for Midwest at pH 8 yielded a tails filtrate analysis of 5.7 mg As/L
with an Fe/As weight ratio of 0.53/1.

Comparable data based on the strong acid strip process also shows the beneficial effect of high
Fe/As ratios on arsenic levels in tailings water with aging, that is lower arsenic in tails water with
higher Fe/As ratios. For the JEB/Sue C/McClean ore, the raffinate Fe/As weight ratio was
1.44/1 and the one year (Day 370) aging test result yielded a tailings pore water concentration
of 15 to 18 mg As/L. A lower 0.13/1 Fe/As weight ratio in raffinate from Sue A and B ore
yielded a higher tails water arsenic content of 63 mg As/L after the same one year aging period.
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Appendix C PROCEDURES AND RESULTS OF THE SCOPING TESTS

APPENDIX C
Procedures and Results of the Scoping Tests
CA Introduction

Experiments performed at Saskatchewan Research Council (SRC) laboratories in Saskatoon,
were designed to identify and evaluate processes that might reduce arsenic concentrations in
pore waters of the proposed JEB Tailings Management Facility (TMF). Results of these
scoping experiments provided the basis for the design of more extensive and larger scale
experiments that were carried out in the COGEMA laboratories in Bessines, France.

Samples of ore material from the JEB pit and from Cigar Lake Mining Company (CLMC) were
shipped to the SRC. Upon receipt, SRC produced tailings from the ores using procedures
designed by COGEMA Resources. Table C.1 summarizes the results of the solids analyses for
the ore and tailings materials used in the scoping tests. Complete analyses of these materials
are available upon request. After the solids were prepared and leached, the resulting lixiviants
were extracted with organic solvents. The raffinates that were produced after solvent
extraction, provided the starting solutions used in most of the laboratory tests.

In a few tests, distilled water was employed instead of raffinate to provide blank samples for
comparison. Other types of blanks, such as raffinate samples without tailings were also used
in the tests.

C.2  Tests Involving Neutralization and Iron(lll) Addition

In the first experiments lime (CaO) was used to neutralize mixtures of raffinate and tailings.
The mixtures contained 50 gms of tailings and 550 ml of raffinate. The proportion of raffinate to
tailings (11:1) was based upon the volumes of raffinate produced at SRC for the mass of
tailings generated in accordance with the test procedure prepared by COGEMA. Table C.2
gives results of the experiments in which lime was added to JEB raffinate and to the JEB
tailings/raffinate mixture. The raffinate had an initial molar Fe/As ratio of 1.8. The experiments
showed that neutralization of raffinate alone or the raffinate/tailing mixtures reduced arsenic
concentrations to values below 3-4 mg/L between about pH 7.6 and 10. Dissolved arsenic
values were slightly greater at the higher pH values.

Results of similar neutralization tests of Cigar Lake raffinate and raffinate/tailings mixtures are
given in Table C.3. The Cigar Lake raffinate has an initial molar Fe/As ratio of 34/1, so that lime
addition causes precipitation of a much larger amount of sorptive HFO than is formed by
neutralizing the JEB raffinate. For this reason arsenic concentrations after neutralization are
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generally less than 0.5 mg/L. Lowest arsenic values (<0.2 mg/L) are found between pH 5.9 and
9.8.

As indicated in Table C.3, two of the neutralization experiments were run on Cigar Lake
raffinate only. Comparison of the results of these tests and tests which involved both raffinate
and tailings shows similar dissolved arsenic values at the end of the tests. This suggests that
the precipitation of iron dissolved in the raffinate is responsible for most of the reduction in
arsenic concentrations upon neutralization.

Shown in Table C.4 is a chemical analysis of the filter cake formed from neutralization of JEB
and Cigar Lake Raffinates. The filter cakes presumably contain gypsum (calcium sulfate),
mixed with relatively amorphous precipitates of Fe and Al oxyhydroxides. The oxyhydroxides
can be expected to be highly sorptive for arsenic.

In the second set of scoping experiments, ferric sulfate solution was mixed with JEB raffinates
and raffinate/tailings mixtures, to give a molar Fe/As ratio of 20/1 in the raffinate. Liming then
precipitated additional hydrous ferric oxides (HFO) with the potential for adsorbing more arsenic
and trace metals. These tests were only performed on JEB materials. Amounts of materials
used in the tests are listed in Table C.5.

The experimental results are summarized in Table C.6, which shows that the increased FelAs
ratio has caused a reduction in the dissolve arsenic to 0.17 mg/L or less. These tests also
show the need for additional lime to neutralize the added ferric sulfate solution, which at 0.8
molal, had a pH of about 1.8. To obtain pH values near 7 thus required that the added amount
of lime be more than doubled relative to what was needed to neutralize JEB raffinate/tailings
without added ferric sulfate.

C.3 Tests Involving Arsenic Reduction

Scoping experiments were conducted to evaluate the role that reducing conditions might have
on arsenic concentrations in pore waters within the TMF. The experiments involved mixing
tailings, raffinate, and various types of organic matter, including peat moss, cow manure, and a
bacterial seed, which consisted of organic matter from a slough (swamp). The mixtures were
incubated under oxygen-free conditions for approximately one month. Tests were run using
JEB as well as Cigar Lake materials, although only the JEB results are presented here.

The conditions for the reducing experiments are listed in Table C.7. For most of the
experiments, tailings, liquid (raffinate or distilled water), lime, peat, manure, and seed material
were placed in 1 litre bottles. The seed was added to provide reducing bacteria. Bottles were
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then placed in a glove bag filled with oxygen-free nitrogen. The liquids were sparged to remove
oxygen, and the bottles sealed under N, gas in the glove bag to assure anoxic conditions in the
bottles.

A blank was also prepared to assure that the organic matter used in the experiments did not
provide a significant source of arsenic to the solutions. An analysis showed that the amount of
arsenic provided by the organic matter is minimal and could be ignored.

Review of the analytical results for the JEB material in Table C.8 indicates that reducing
conditions have led to an increase in dissolved arsenic concentrations when compared to the
control experiment. The arsenic speciation results show a substantial increase As(lll)
concentrations causes the increase in total dissolved arsenic. The increase in As(lll) is
probably caused by reduction of adsorbed As(V) to As(lll) which is less strongly sorbed by HFO
and so is released to the solution.

C.4  Coprecipitation of As(V) in Phosphates

That precipitation of arsenate in substitution for phosphate within the mineral apatite might
control dissolved arsenic in TMF pore water, has been discussed in Section 3.2.4. Scoping
experiments to evaluate this possibility have just begun at the SRC labs in Saskatoon.
Experimental procedures, results and recommendations will be presented once they become
available.

C.5 Conclusions and Recommendations

The scoping experiments conducted at SRC indicate that raffinates with the highest Fe/As
ratios produce lowest concentrations of dissolved arsenic once they are neutralized with lime.
Also, by adding iron as ferric sulfate to raffinate or raffinate/tailings mixtures, further dissolved
arsenic reductions are obtained. The primary mechanism for the reduction in dissolved arsenic
concentrations is adsorption by hydrous ferric oxides (HFO). Arsenic adsorption is most
complete at near-neutral pH values, decreasing as the pH rises.

After a month, reducing conditions established by adding organic matter to JEB raffinate and
tailings lead to an increase in dissolved arsenic concentrations. This increase, which is largely
as As(lll) species, is probably caused by reduction of As(V) species adsorbed onto HFO to
more soluble, less strongly adsorbed As(lll) species. It seems likely that longer experimental
times would lead to sulfate reduction and reduction and precipitation of the arsenic in sulfide
and arsenide minerals. The reductant scoping tests were probably too short to allow such
conditions to develop.

COGEMA Resources Inc. - McClean Lake Project (JEB) October 31, 1997
Geochemistry of JEB Pit Uranium Mill Tailings - Substantiation of Source Terms Version 1997.1
MPTeam/ConstLic/AppenC.doc Page 3



Appendix C PROCEDURES AND RESULTS OF THE SCOPING TESTS

C.6 Initial Geochemical Modeling

Preliminary geochemical modeling using MINTEQA2 (Allison et al., 1991) was performed on
data from the experimental results of the neutralization tests involving the Cigar Lake samples.
The adsorption model selected was designed to evaluate the adsorption of arsenic onto the
surface of HFO. The extent of the adsorption depends upon the amount and nature of the
arsenic species in solution, and on the amount of precipitated HFO. The distribution of the
various species of arsenic is controlled by the pH, the redox state, and composition of the
solution. The model, which is a surface ionization and complexation model, has been used
successfully to describe the behavior of a variety of substances in solutions that are in contact
with hydrous ferric oxide and other solid phases (cf. Langmuir, 1997).

The concentrations of arsenic, iron, and sulfate in the raffinate provide the initial (dissolved)
concentrations for the model calculations. The dissolved iron precipitates as HFO that has
weak and strong sorption sites. Concentrations of these sites (the site density) have been
determined in numerous experimental studies. A compilation of site density data (Dzombak
and Morel, 1990) indicates that the concentration of strong sites (type 1 sites) equals 0.005
times the molar concentration of precipitated iron. The weaker (type 2 sites) sites are more
abundant and their concentration equals 0.2 moles/L of precipitated iron. The concentration of
iron in the raffinate was 716 mg/L. Therefore, the concentration of type 2 sites was calculated
to be 2.56x10° moles/L and that of the type 1 sites was 6.419x10° moles/L.

Surface complexation constants for sulfate, calcium, and arsenic (lil) and (V) are also provided
in the compilation of Dzombak and Morel (1990). All of the arsenic (28 mg/L) was assumed to
be in the As(V) state for the model calculations. Sulfate at 2490 mg/L and calcium at 1040 mg/L
were also included in the input file to define the major anion and cation in the solution. Figure
C.1 compares the model calculated results (the line) with the data points for the Cigar Lake
neutralization experiments. The model is conservative and clearly agrees with the results,
particularly below pH 10.5.
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TABLE C.1

Chemical Analyses of JEB and Cigar Lake Ore and Solid Tailings

Sample Designation As Fe Ni SO, S Al
(ng/g) (ng/e) | (wg/®) (%) (%) (ng/g)
JEB Ore 2,800 23,300 3,300 0.10 0.31 19,700
Cigar Lake Ore 2,300 37,500 640 0.46 0.65 14,000
JEB Tailings 1,400 20,400 1,100 0.78 0.54 16,800
Cigar Lake Tailings 910 46,500 98 2.12 151 26,700




TABLE C.2

Results of JEB Raffinate/Tailings Neutralization Experiments
(Initial Molar Fe/As Ratio in Raffinate was 1.8:1)

Sample Designation pH As As(IID) As(V) Fe Ni SO, Al
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)

Raffinate 1.82 382 NM NM 515 272 7,850 522
Neutralized raffinate 7.6 0.87 NM NM 0.11 11 2,810 0.21
Neutralized raffinate JEB1-A 7.72 1.1 0.542 0.48 | 0.053 33 2,480 0.07
Neutralized raffinate JEB1-B 9.26 2.7 0.054 2.44 | 0.064 0.21 1,980 0.29
Neutralized raffinate plus tailings 9.31 42 0.087 3.37 0.15 0.23 2,420 1.4
Neutralized raffinate plus tailings 9.54 2.6 0.131 LT 0.79 2.6 2,570 1.4
Neutralized raffinate plus tailings 9.74 3.6 0.119 234 | 0.045 0.98 2,350 0.60
Neutralized raffinate JEB1-H* 10.4 3 NM NM 0.013 0.007 1,830 11
Neutralized raffinate plus tailings 10.66 5.6 0.053 3.82 0.01 0.046 2,160 1.3
Neutralized raffinate plus tailings 11.65 3.5 0.042 232 0.020 0.008 2,090 1.5
Neutralized raffinate plus tailings 11.95 2. 0.048 1.58 | 0.067 0.015 2,320 0.34

Note:

NM = Not measured.



TABLE C.3

Results of Experiments in which Cigar Lake Tailings
and Raffinate were Neutralized by Lime Addition
(Initial Molar Fe/As Ratio in Raffinate was 34:1)

Sample Designation pH As As(III) As(V) Fe Ni SO, Al
(mg/L) | (mg/L) | (mg/L) | (mg/l) | (mg/L) | (mg/L) | (mg/L)
Raffinate 2.1 28 NM NM 716 73 12,900 1,130
Neutralized raffinate 5.89 0.16 0.0004 0.075 0.25 32 2,640 0.12
Neutralized raffinate 6.4 0.12 NM NM 0.29 15 2,490 0.12
Neutralized raffinate 7.81 0.09 0.0032 0.036 0.007 0.41 2,010 0.10
Neutralized raffinate 8.88 0.11 0.0009 0.010 0.042 0.54 1,920 0.63
Neutralized raffinate 9.78 0.16 ND 0.019 0.016 0.011 1,580 1.7
Neutralized raffinate 10.5 0.23 NM NM 0.020 <0.005 1,860 34
Neutralized raffinate 11.31 0.31 0.0013 0.10 0.006 0.009 1,660 0.21
Neutralized raffinate 11.64 0.44 0.0015 0.094 0.042 <0.005 1,630 0.33
Notes:

NM = Not measured.
ND = Not detected.




TABLE C.4

Analyses of Filter Cake Solids Obtained from Experiments

in which JEB and Cigar Lake Raffinates were Neutralized

Sample Designation pH® As Fe Ni S0, Al Ca
(vg/®) (vg/®) (ug/®) (ng/g) (»g/®) (vg/®
Cigar Lake neutralized raffinate 6.4 3,800 31,300 2,500 413,000 52,900 167,000
JEB neutralized raffinate 7.6 37,400 45,800 18,200 378,000 35,500 171,000
JEB neutralized raffinate 10.4 24,700 30,500 14,100 346,000 24,000 203,000
Cigar Lake neutralized raffinate 10.5 4,700 23,700 1,500 271,000 30,000 142,000
Note:

1. pH of aqueous solution.




TABLE C.5

Experimental Conditions for JEB Raffinate/Tailings
Neutralization Experiments that Included Ferric Sulfate Addition

Sample Designation Tailings Raffinate Fe, (SO, Lime pH
(gms) (gms) Solution® (gms)
(gms)
Raffinate, tailings, ferric sulfate 50.04 546.8 71.7 9.59 7.09
Raffinate, tailings, ferric sulfate 50.18 562.2 76.9 10.25 7.07
Raffinate, tailings, ferric sulfate 50.26 547.6 77.8 9.75 7.33
Neutralized raffinate only 0 546.3 0 3.79 9.28
Note:

1. Solution is 0.8 m in iron.




TABLE C.6

Results of JEB Raffinate/Tailings Neutralization Experiments, that
Included Ferric Sulfate Addition to Attain an Fe/As Ratio of 22:1

Sample Designation pH As Fe Ni SO, Al
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Raffinate, tailings, ferric 7.07 0.12 0.23 0.006 2,060 <0.05
sulfate
Raffinate, tailings, ferric 7.09 0.17 0.62 0.42 2,220 0.51
sulfate
Raffinate, tailings, ferric 7.33 0.09 <0.005 12 2,410 <0.05
sulfate
Neutralized raffinate only 9.28 3.9 0.029 0.045 1,910 1.6




TABLE C.7

Experimental Conditions in which Organic Matter and Iron Powder were
Added to JEB Raffinate and Tailings as Possible Reductants for Arsenic

Sample Designation Tailings Liquid Peat Manure Seed Lime
(gms) (gms) (gms) (gms) (gms) (gms)
Tailings, raffinate, re- 100.04 100 (DW) 10.14 13.86 10.76 0
ductant
Tailings, raffinate, re- 100.12 376.82 (R) 10.36 20.74 15.2 2.35
ductant
Tailings, raffinate, re- 100.41 373.93 (R) 10.18 15.90 16.8 2.
ductant
Iron Powder 0 547.05 (R) 11.7 (Fe) 0 0 0
Blank 0 100 (DW) 10.71 10.8 11.93 0
Notes:

Fe = Iron added instead of peat and other organic substances.

DW = Distilled water added.

R = Raffinate added.




TABLE C.8

Results of Experiments in which Organic Matter and Iron Powder were Added
to JEB Raffinate and Tailings as Possible Reductants for Arsenic

Sample Designation pH As As(1I0) As(V) Fe Ni sSo,® Al
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Tailings, distilled 3.88 1.3 NM NM 13 150 2,300 23

water, open

Tailings, raffinate, 4.92 4.3 4,0 0.583 0.46 160 2,930 4.3

open

Tailings, raffinate, 5.10 13 NM NM 0.63 15 2,930 0.62

reductants

Iron powder 6.01 0.01 <0.040 | <0.040 2,770 0.75 7,780 0.68

Tailings, raffinate, 6.21 24 18.5 20.9 34 16 2,560 0.39

reductants

Tailings, raffinate, 6.53 18 11.5 4,54 2.1 7.9 2,950 <0.05

reductants

Blank 6.73 0.048 NM NM 1.0 0.21 77 0.26

Notes:

1. Total sulfur as sulfate measured by ICP insufficient sample for separate sulfate or sulfide analyses.

NM = Not measured.

Monomethyl arsonic acid (MMA) and dimethyl arsinic acid were included in list of analytes, concentrations were below
detection limits.

Doc:mpteam/ConstLic/BMD1/Tables-a-doc
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McGill

N
Department of Mining and Département de génie minier
Metallurgical Engineering et métallurgique
Tel.: (514) 398-4755
M.H. Wong Building Pavillon M.H. Wong Fax: (514) 3984492
3610 University 3610, University dept@minmet.lan.mcgill.ca
Montreal, QC Canada H3A 2B2 Montréal, QC Canada H3A 2B2 http:/fwvww. minmet.mcgill.ca
Jean Fabre

Engineering and Projects
Cogema Resources Inc.
P.O. Box 9204

817-825, 45™ Street West
Saskatoon, Sask, S7K 3X5
Fax: (306)343-4653

April 23,1998

Dear Jean,

Re: Arsenic Source Term ---- McClean Lake Project

As per your fax of April 17, 1998, I have critically reviewed the draft document “Geochemistry of
JEB Pit Uranium Mill Tailings: The Arsenic Source Term™, dated April 16. 1998, prepared by
Drs. D. Langmuir and J. Mahoney on behalf of Cogema Resources Inc.. An almost identical
version of the same document dated April 14 had been made available to me earlier (on April 15)
by Dr Nicholson of Beak International along with a draft copy of the Summary Document entitled
* Arsenic and Other Source Terms™ (Section 3.0).

As per your specific instructions, I have focused my review onto assessing the soundness,
credibility, accuracy of the data interpretation and approach outlined in D. Langmuir and J.
Mahoney’s document as to the predictions made for the long term arsenic concentration expected
in the JEB Tailings Management Facility. My comments are presented in three sections: (1) First
the proposed arsenic control process is briefly evaluated on the basis of the Summary Document
provided to me by Beak International; (2) Second and more importantly the method of analysis
employed by D. Langmuir and J. Mahoney in interpreting the laboratory test results and in
predicting the rate and mechanism of arsenic release are critically reviewed; and (3) Additional
specific comments are made from the point of improving the presentation of the results.

(1) Proposed Arsenic Control Process

The proposed method of neutralization of the acidic mill effluents with the combined addition of
ferric sulfate to maintain Fe/As molar ratios of at least 3 represents the best



demonstrated available technology today for the immobilization of arsenic from As-bearing
mining acidic effluents (Harris and Krause, 1993). By adding ferric sulfate to the acidic effluent
prior to lime addition, (as illustrated in Figure 3.1 of the Summary Document) as opposed to
together with lime, ensures the fixation of the bulk of arsenic in the form of ferric arsenate (as
well as other metal arsenates) with the remaining soluble fraction of arsenic fixed via
chemisorption on the co-precipitated ferric hydroxide (otherwise called ferrihydrite or hydrous
ferric oxide — HFO).

For optimum results arsenic should be present as arsenate (i.e. in its pentavalent state). According
to Langmuir and Mahoney’s document (top of p.7), the JEB raffinate may contain As(III) up to
6% (or even higher, see Table 1.4.2.1); however, no traces of As(IIl) were detected in Dr.
Slaughter’s characterization work (see bottom paragraph of p.5a in Langmuir and Mahoney’s
document). Apparently As(IlI) was oxidized to As(V) during neutralization. Hence, aeration is
vital (not shown in Fig 3.1 of the Summary Document) in ensuring both iron and arsenic are in
their highest oxidation states (i.e. Fe(III) and As(V)) in order to obtain optimum immobilization
of arsenic via ferric arsenate precipitation and adsorption on HFO.

Finally on the issue of “Optimization of Nominal Neutralization pH™ (Section 3.4 in Summary
Document), where a nominal pH of 8.5 as opposed to pH 8 is advocated with the rationale of
avoiding pH dropping below 7 in the tailings pore water as this might cause an increase in nickel
concentration, an alternative pH stabilization (in the region of 7 to 8) approach is proposed. This
involves the use of a mixture of CaCO;/CaO as opposed to only lime (CaO) for neutralization (i.e.
add CaCOs in the first tank to bring pH to around 3-4 and lime in the second tank to bring pH to
8). The use of CaCO; will ensure a certain unutilized fraction of it to report to the tailings; hence
providing buffering action against an excessive pH drop.

(2) Arsenic Geochemistry

2.1 Nature of Arsenic Species in the Tailings

The presented mineralogical evidence in D. Langmuir and J. Mahoney’s document (based on the
work of Dr. Slaughter) clearly confirms the presence of iron arsenate (“scorodite™) and nickel
arsenate (“cabrerite-annabergite™) phases in the treated tailings. Such formation of ferric arsenate
during neutralization of effluents with high Fe/AS ratios is in agreement with previous laboratory
and plant observations as documented by Harris and Krause (1993). Arsenic is present according
to the document also in the form of arsenic adsorbed by HFO and other phases which is also
expected according to literature. The presented chemical equilibrium modeling work (Section
1.6.1) very clearly and authoritatively proves that the bulk of arsenic has reported in the tailings in
the form of ferric (and nickel) arsenate precipitates with the balance (a small portion) of it
absorbed with ferric hydroxide solids (HFO).

Throughout the report the arsenic phases are given mineral names (i.e. scorodite for ferric
arsenate and cabrerite-annabergite for nickel arsenate). This would suggest then that the
respective arsenate precipitates are crystalline phases. According to Dr. Slaughter’s report, the
“scorodite-like” phases were identified to be partially crystalline and partially amorphous. On the



other hand, the cabrerite-annabergite phases appeared to possess a higher degree of crystallinity.
This finding is significant since according to my own research experience and that of others,
ambient temperature neutralization leads normally to the production of amorphous and not
crystalline scorodite (Demopoulos et al. 1995, Krause and Ettel, 1989). It appears, therefore,
from the presented mineralogical evidence that upon neutralization and accelerated aging partial
crystallization of the arsenate phase(s) has occured resulting in enhanced arsenic stability. The
multi-tank neutralization approach, the presence of large quantity of solids that practically have
acted as seed material (this is indirectly confirmed in Dr. Slaughter’s report who notes “all
arsenate phases coat larger grains™), and accelerated aging are all factors believed to have
contributed to the partial crystallization of the ferric and nickel arsenate precipitates.

2.2 Long Term Release of Arsenic

According to the aging test results (aging up to 50 days) the release of arsenic for the presented

tailings was very low, typically less than ~0.5 mg/L at nominal pH 8 with Fe/As > 3 at 4 C.
Statistical treatment of the experimental data and extrapolation to 10 000 years give arsenic
concentrations in the area of < 1 mg/L. These very low levels and slow rates of arsenic release
have been explained on the basis of thermodynamic, kinetic and crystallization principles (Section
1.6. in D. Langmuir and J. Mahoney’s document). Their presented theoretical interpretation is
based on sound chemical reasoning.

Continuing on the observation I made in the previous section about the partial crystallization of
the precipitated ferric (and nickel) arsenate, I would like to offer some additional comments as to
why the rates of arsenic release are expected to be very slow. Arsenic, according to the
characterization work done on the samples, is expected to be mostly present in the tailings
emplaced in the JEB TMF in the form of ferric arsenate and nickel arsenate phases on one hand,
and on the other hand arsenic adsorbed on ferric hydroxide (HFO). The fresh arsenate
precipitates willl be most likely amorphous or partially crystalline. All these solids will undergo
over the years phase transformation reactions dictated by the thermodynamics of the
tailings/water system. As recent advances in colloid and surface chemistry have shown (Blesa
and Matijevic, 1989) such phase transformation reactions in aqueous media proceed via the
dissolution-recrystallization mechanism. According to this mechanism the least stable phase
forms first as a consequence of Stranski’s or Ostwald Step Rule (see Blesa and Matijevic, 1989).
The order of stability of iron(IIT) arsenate/hydroxide/oxides in the pH region of interest here, i.e.
pH 7-8 is as follows: FeAsOy4 -2H,0qm) < FeAsO42H0(cry < Fe(OH)3 amy (= HFO) < FeOOH ¢
(A similar order can be written for the nickel arsenate/hydroxide system). Due to the neutral pH

environment, the low temperature of 40C, and the lack of water flow inside the tailings facility,
the dissolution and recrystallization of the solids is expected to be extremely slow. In particular,
the conversion of crystalline scorodite into Fe(OH); (See, in addition to Section 1.6.2 in
Langumir and Mahoney’s document, Demopoulos et al. 1994) and the crystallization of the latter
(i.e. HFO) into goethite (see Section 1.6.4) are judged to be the slowest of these phase
transformation processes.

As a further evidence in support of the extremely slow conversion of scorodite into iron (III)
oxyhydroxide is the well documented occurrence of scorodite in nature in a wide range of
climatic and pH regions in co-existence among other minerals with goethite/limonites (Gonzalez



and Monhemius, 1988). This might be so because of the likely blockage of the reaction upon the
formation of surface layers of ferric oxyhydroxide on the grains of scorodite.

(3) Some Additional Comments on Langmuir and Mahoney’s Document (mostly Editorial)

p4/2" paragraph/2" line: revise “remove As and Ni from tailings pore waters™ to ™ from mill
effluent waters™.

p7/Fig 2: Provide source of data (thermodynamic calculations or experimental values)? Data are
somewhat lower than those reported by Krause and Ettel (1989).

p7/Section 1.3.3: Some of the pH values and regions mentioned need correction. Thus change
“pH 6" in “... about 10 mg/L below pH 6” to pH 8 (see Fig 2). Also change “pH 8-9” in “... about
10 mg/L As near pH 8-97 to “pH 7-8” Also change the words “between pH 7-8 with “above pH
3 and 77 in the phrase “... are unstable between pH 7-8 relative....”

p8/middle of top paragraph: The statement “most of the arsenic removed in these experiments
was probably precipitated in scorodite™ it should be revised to “.... precipitated in the form of
ferric arsenate” to reflect the lack of crystallinity of the precipitate.

pl0/First line of 2" paragraph in Section 1.1.1: Add the word “precipitation™. i.e. Revise as
follows: “Given the extensive published work on arsenic precipitation and adsorption with Fe(I1I)
ion....”

pl1./Table 1.4.2.1.1: Ni data should be included too.

pl4(section 1.6.2): Were thermodynamic or solubility data used to calculate K4 of Reaction (1)7
[ was able to obtain a value close to the one reported in the report (i.e. 1017 versus 10" ) only
when I used solubility data. (The data used were those of Krause and Ettel (1989)) (7)

p16/Eq.(6): Term A,, is the specific surface area (i.e. m?/g) as opposed to simply the surface area
(i.e. m") stated in the text.

pl17/Bottom of 1% paragraph: It should read * ... at some pH between 35 and 67 and not
“..below....”

pl7/Last sentence: “A survey of published mineral dissolution rate studies....” Give reference.

p19a/Section 1.6.5: Revise 2" sentence by clearly mentioning that adsorption is a secondary
mode of arsenic fixation with arsenic precipitation be the primary one; e.g. “This HFO in addition
to the precipitated ferric and nickel arsenate is the other major arsenic carrier in the tailings™.

p20/Last sentence of top paragraph: The sentence “Further breakdown... with time” becomes
insignificant and contradictory in view of the evidence presented earlier on the extremely slow
transformation rate of it.”



p20/Section 1.7/bottom of 2" paragraph: Correct the word arsenides to arsenates.

[ will be happy to provide you with any clarifications you might have on the above review.

Sincerely,

K puaipoadin,

G.P. Demopoulos
Professor and Chair

cc: Drs. D. Langmuir, and J. Mahoney (Hydrologic Consultants)
Dr. R. Nicholson (Beak International Inc.)
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