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Abstract

The potential for soil and groundwater contamination by uranium mine waste-rock piles

is an environmental concern. The objective of this study was to characterize the vertical

distribution of sulphide/sulphate and trace metals (nickel, arsenic, and uranium) at the

study site DWR-39 located on the Deilmann waste-rock pile at the Key Lake uranium

mine in northern Saskatchewan.

Seven standpipe lysimeters were installed within the pile and below it to measure soil

suction at depths between 5 m and 33 m. Soil suction was monitored between May 00

and Aug 2002. Based on these data and moisture-content profiles measured through the

pile measured using a neutron probe, it was determined that the waste rock was at

residual water contents, suggesting that the waste-rock pile was well drained.

Detailed vertical core samples to a depth of 33 m were collected at DWR-39. These

samples were used to define the lithology of the pile. The waste-rock pile was

determined to be comprised of a basement-gneissic layer underlain by a sandstone layer.

A thin layer with high organic content was encountered below the sandstone layer and

was identified as the original lake sediments.

Sulphide contents were lower in the sandstone (0.01 %, n
=

12) compared to basement

rock (0.11 %, n
=

11). Sulphate concentration profiles suggested a downward migration

of sulphate from the basement rock into the sandstone layer. However, the depth profiles

of nickel, arsenic, and uranium total assays from these core samples proved inconclusive

for verifying downward leaching to the water table.

Sequential extraction analyses showed that 75% of Ni was bound to the residual phase,

40% of U was bound to carbonate phase, 25% As in carbonate, Fe-Mn, and residual.

These data suggested that the vast majority of Ni, As, and U are not mobile in the pile.

In the groundwater below DWR-39, elevated sulphate concentration was observed and

this may originate from oxidation reactions in the basement materials of the waste rock
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pile. Elevated concentrations of metals (Ni and U) dissolved in groundwater may have

originated from oxidation reaction in the basement materials.

The lack of agreement between the groundwater chemistry immediately underlying the

test site and the sequential extraction and the profiles of total metal assays may be

attributed to the integrating effect (i.e. lateral mixing) of groundwater sample, and the

heterogeneity of the basement rock in the waste-rock pile. Alternately, the groundwater

chemistry immediately below the study site may not be the result of reactions in the

waste-rock immediately above it.
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1.0 Introduction

Open-pit mining of ore bodies requires the excavation of overburden materials and the

deposition of these excavated materials at surface. These deposits are referred to as

waste-rock piles. The overburden materials are often saturated in their in situ

environments. These materials are deposited in an unsaturated state as a result drainage

of the fragmented waste rock. In unsaturated condition, oxygen can readily enter the

waste-rock pile and sulfide minerals in the waste rock pile may begin to oxidize. This

oxidation process produces sulphuric acid that may enhance solubility of metals and

promote leaching of metals and/or salts into pore water within the waste-rock pile. This

pore water may percolate through the waste-rock pile and may contaminate the

groundwater and nearby surface water bodies. Environmental liabilities associated with

existing mine tailings and waste-rock piles in Canada are estimated to be between 2 and

5 billion dollars (Feasby and Tremblay, 1995).

The effects of weathering within waste rock can be observed in all three phases: solid,

aqueous and gas. The solid phase refers to the minerals that form the waste rock. The

aqueous and gaseous phases refer to the water and gases in the pores surrounding the

solid phase. Monitoring the chemical weathering of the solid phase can provide useful

information regarding the mineralogy of the waste rock and the effects of weathering on

the mineralogy, however, it is technically difficult. Sampling the chemistry of the gas

phase is a relatively simple process compared to the solid and aqueous phases. Gases can

be monitored from gas ports that are installed at various depths within the pile. Gaseous

concentration profiles (usually O2 and CO2) can be measured to determine the

occurrence, location, rate and types of geo-chemical reactions occurring in the waste

rock piles (Birkham, 2002). Monitoring the change in the gas-phase chemistry,

however, does not provide direct information about the rate of dissolution of chemical
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species into the pore water and the rate at which these dissolved species are migrating

through the waste-rock pile.

Pore-water geochemistry in waste-rock piles can be monitored by installing piezometers

at the water table beneath the piles and collect pore water samples periodically from

these piezometers for chemical analyses. On the other hand, measuring effluent

chemistry is a direct method to determine the water quality of drainage from waste-rock

piles (Ritchie, 1994). However, this may not provide timely information since by the

time chemistry changes are documented at the water table, the local groundwater system

is already contaminated.

An effective way to obtain information on the effect of the waste-rock pile on

groundwater chemistry is to monitor the chemistry of pore water within the pile. This

would provide an early indication of eventual ground and surface water contamination.

However, Ritchie (1994) noted that waste-rock piles are generally unsaturated, which

makes the pore water sampling very difficult. Two commonly used lysimeter techniques

are reported in the literature for the in situ sampling of unsaturated zone pore waters:

tank lysimeters (Tyler, 1977; Jemison, 1992) and vacuum lysimeters (Krejsl et al., 1994;

Schaeffer and Associates, 1993; Debyle, 1988; Litaor, 1988). Pan-lysimeters are best

installed during pile construction. However, the presence of the tank lysimeter disturbs

the flow of pore water in the soil and the amount of water collected does not reflect the

actual amount of pore water in the soil. The vacuum-lysimeter technique is only

applicable at shallow depths «10m).

Rowlett and Barbour (2000) reported on the development of a standpipe lysimeter. Their

design of a standpipe lysimeter allows for measurement of soil suctions and collection of

representative pore-water samples in unsaturated waste-rock piles with no depth

limitation.

The first environmental study of waste-rock piles at the Key Lake uranium mine was

carried out by Steffen Robertson and Kirsten between 1991 and 1993 (Canada) Inc.



The current study, at the Key Lake uranium mine was built upon previous research work

conducted on the Deilmann waste-rock piles. In 1998, a multidisciplinary study

(1993). The study was to provide a basis for evaluation of drainage water quality from

the current, and the future, waste-piles. The results of the study illustrated that sulphide

minerals in the waste-rock piles (both basement and sandstone materials) were reactive

and sulphide oxidation and acid leaching of heavy metals in the waste-rock piles may

have a long-term effect on the environment. The study also showed that basement

material had relatively high total-metal, especially for nickel (average of 328 ug/g),

arsenic (average of33 ug/g) and uranium (average of 14 ug/g). These elements are the

major interests in the characterization of waste-rock materials in this study.

The objectives of this study were to: (1) characterize the vertical distribution of

sulphide/sulphate and metal assays (nickel, arsenic, and uranium) in a uranium mine

waste-rock pile, (2) determine the distributions of these metals in different extractable

fractions using sequential extraction methods, and (3) interpret the groundwater

chemistry collected from a piezometer underlying the waste-rock pile. It was perceived

that the information obtained from this study may provide insight into the potential for

the mobilization of metals from the waste-rock pile to the groundwater system.

To accomplish these objectives, a series oflaboratory and field experiments were

conducted. Laboratory experiments included the determination of the total elemental

composition of waste-rock materials and the estimation of their leaching behavior using

sequential extractions developed by Tessier et. al. (1979) and modified sequential

extractions developed by Coles et. al. (1995), Kristnamurti et. al. (1995), and Dhoum et.

al. (1997). The reactive extraction and the short term/long term leaching tests were

perceived to provide an understanding of production and release of metal bearing

leachate derived from sulfide minerals in waste-rock pile in a long term environmental

loading. In addition, field experiments included monitoring the seven standpipe

lysimeters (installed in this study), interpreting data from neutron probe, thermistor

strings and piezometer.
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To simplify the body of the thesis and improve the flow of the thesis, the literature

review and theory are presented in Appendix A. Construction details for the 2nd

generation of standpipe lysimeter, development and usage in this study are presented in

Appendix B. Modeling data, raw data, and analyses results from all experiments and

field-instrumentation are presented in Appendix C.

commenced on the hydrology of waste-rock piles at uranium mines in northern

Saskatchewan was a joint program among Cogema Resources Inc .. Cameco Corp ..

NSERC, the University of Saskatchewan, and the University of British Columbia. The

current study focuses on the characterization of geochemical reactions at a particular site

on the Deilmann north waste-rock pile (DWR). The Deilmann waste-rock piles at Key

Lake are of interest because of their massive volume of approximately 38 million m
'

(Richards, 1997) and exceptional existing geochemical conditions such as low sulphur

contents «0.11 % S) (SRK, 1993) relative to many other waste-rock studies (Hockley et

al., 2000; Elberling and Nicholson, 1996; Ritchie, 1994). The cold climate at Key Lake

also made the geochemical conditions distinctive in the waste-rock piles from most other

uranium mine sites in the world.

The thesis is divided into 7 chapters. Chapter 1 discusses the purpose for this research

and introduces the research objectives. Chapter 2 details the background information of

the study site. Chapter 3 describes the materials and methods used in the field

investigation as well as the laboratory analyses. Chapter 4 compiles and compares the

results of the physical and chemical characterization of the study site. Chapter 5

summarizes the conclusions of this study and provides recommendations for future

research works. Chapter 6 discusses the implications of this study.
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2.0 Study area and site description

2.1 General background

The Key Lake uranium mine is owned and operated by Cameco Corporation and was

one of the largest high grade uranium producing mines in the world between 1982 and

1997. The average annual uranium production was 14 million lbs (6.4 million kg) and

with a total of 230 million lbs (104 million kg) from the Key Lake ore bodies. The mine

site is located approximately 800 km north of Saskatoon at approximately latitude

57°11' north and longitude 105°34' (Figure 2.1).

.' .

..
'

..

Deilmann North

(DWR) pile

Legend

Construction lift

Deilmann South

(DSWR) pile

,-----l

L
Mined pit

Waste pile outline

Drained lake outline

o 500 1000 1500

Scale (m)

Figure 2.1: Location of the Key Lake mine, the Dei/mann pit, the two Deilmann waste-rock

piles, and test site 39.
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2.2 Geological setting

The uranium deposits at Key Lake occurred within a shear zone that intersected the

unconformity between Archean and Early Proterozoic basement gneisses and the

overlying Middle Proterozoic Athabasca group sandstone. The Athabasca group consists

of sandstone with horizontal silty and pepple layers. The pore space is filled by quartz

(Si02), hematite (a-Fe203), clay materials (illite (KA14(Sh,AI)02o(OH)4), kaolinite

(AbSbOs(OH)4), and minor chlorite ((Mg, Fe, AI)6(A!, Si)401O(OH)8) and, rarely

carbonates. (Key Lake Mining Corporation, 1979: SRK, 1993)

The geomorphology of the region indicates that there has been substantial glacial

activity in the recent geological history. Drumlin fields and eskers are common, and the

topography is undulating with small hills and lake-filled depressions. Most of the lakes

in the immediate neighborhood of the mine site and mill complex were drained during

de-watering operations (Figure 2.1), which resulted in depression of the local water

table.

The Key Lake uranium mine is located within the Boreal climatic zone that extends

across Canada from Alaska to Newfoundland (Key Lake Mining Corporation, 1979).

The average mean annual temperature at the mining site from 1977 to 1998 was -1.33 °C

and the average annual precipitation was 457.4 mm. The average annual evaporation for

the same period was approximately 652.9 mm (data obtained at Key Lake mine site).

Uranium in Saskatchewan was first reported by Alcock (1936) as an occurrence of

pitchblende (U02) at the Nicholson mine. During 1975 and 1976, the Key Lake

unconformity deposits were discovered. The uranium resources in the Key Lake area

were contained in the Gaertner and Deilmann ore bodies which lie along the southern

boundary of the Athabasca Formation. The Deilmann ore body was originally covered

with 10 to 80 m of loose overburden, barren sandstone and lake sediments. A large

portion of the ore body was beneath Key Lake (Cameco, 1986)
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Dewatering activities at the Key Lake mine started in 1977 to allow for the excavation of

the Deilmann ore bodies. Surface water bodies were drained first and the groundwater

was pumped to establish the water table beneath the Deilmann north and south piles at a

depth of approximately 15 to 20 m below the original ground level. Figure 2.1 shows the

current layout of the Deilmann mining area.

The basement rock exposed in the Deilmann open pit consists of quartz. biotite (K(Mg,

Fe2+)3(AISbOIO(OH,F)2o), and cordierite (Ah(Mg, Fe)2SisAI018) and feldspar gneiss.

Graphite is present in distinct units (several meters thick). either in disseminated form or

in millimeter thick discontinuous layers.

The main ore minerals in the Key Lake area are uraninite, sooty pitchblende (U oxides)

and coffinite (U silicate). The dominant arsenic and nickel sulfide minerals associated

with the Key Lake deposits included niccolite (NiAs), millerite (NiS), and gerdorffite

(NiAsS) (Key Lake Mining Corporation, 1979). Dissolution of these minerals could

increase the concentrations of hazardous trace metals such as Ni, As and U in waters

percolating through the waste-rock piles.

2.3 Waste-rock piles

The excavation of the Deilmann pit resulted in the concurrent construction of two waste

rock piles from 1984 to 1997 (Figures 2.1-2.2 and Table 2.1): the Deilmann South Waste

Rock (DSWR) and Deilmann North Waste Rock (DWR) piles. A comparison of Key

Lake waste-rock inventories is also given in Table 2.2. The most current Deilmann

waste-rock inventories (as of January 1997) are reported by Richards (1997). However,

he did not provide the individual volumes of Deilmann South and North piles. Therefore

the volumes of these piles were based on the volumes reported by the Key Lake site

(Cameco, 1996).
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The DSWR pile was constructed between 1984 and 1995 and was comprised of

approximately 2/3 of sand/till material and 1/3 of sandstone material. All of the

Deilmann south material had a U308 content of <0.001 % (Cameco Corp .. 1996). The



estimated total volume of the DSWR pile was 15 million m3 (Cameco Corp., 1996) with

a height ranging from 28 to 31 m above the original ground surface.

The DWR pile was constructed between 1984 and 1997 and was the most heterogeneous

waste-rock pile at Key Lake. The DWR was made up of sand/till, sandstone, and

basement material. In addition to varying lithology, the distribution ofNi and U was

heterogeneous. The vast majority of the DWR contained <0.01 % U30g (Cameco Corp.,

1996). Less than 1 % of the sandstone and basement rock in the DWR had a U 3 Og

>0.03% and <0.05% (Cameco Corp., 1996). The volume ofDWR as of December 1995

was approximately 21 million rrr' (Cameco Corp., 1996). The maximum height of the

DWR pile is approximately 42 m above the original ground surface.

The waste-rock piles were constructed in layers of approximately 8 meters. A ramp was

initially built to transport the waste rocks to lift pads. The waste rock was then dumped

on the lift pads and pushed off the edge. This radial expansion of the waste-rock layer

continued until a new layer was required. Compaction and physical weathering of the

waste rock would have occurred at the surface of each layer as a result of machinery

traffic. The degree of compaction and weathering could be expected to be the greatest

nearest to the ramp and to decrease farther from the ramp.

8
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Table 2.1: Summary ofDeilmann-waste materials deposited (Richards, 199-:')

Year Sand Till Rock Lake Sed. Total

(BCM) (BCM) (BCM) (BCM) (BCM)

1984 474963 0 0 0 474963

1985* 1 650474 0 0 276967 1927 441

1986 88289 225205 988297 0 1301791

1987 0 67717 1 078337 0 1301791

1988 38518 173259 1 720232 0 1 146054

1989 441084 366291 1 320666 0 2 128041

1990 1 821 256 120402 786403 0 2728061

1991 2611 527 113 343 1621981 0 4346851

1992 423221 20061 3436773 0 3880055

1993 204519 0 2592 190 0 2796709

1994 1 573268 0 1 661 003 0 3234271

1995 2276196 0 834214 0 3 110410

1996 0 0 966943 0 966943

Tot. BCM** 11603315 1086278 17007039 276967 29973599

Tot. m3** 12763647 1194906 23469714 276967 37705233

* Till volume included in sand volume

** BCM - Bench cubic meters (in situ volume before blasting)
*** Conversions from BCM to rn

'

were based on the expansion factors of 1. I for sand and till;

1.38 for sandstone and basement rock (SRK, 1993)

Table 2.2: Deilmann waste-rock historical inventories ofKey Lake Uranium mine site

Deilmann

North

Material Volume in waste-rock piles (m ')

SRK Determined Decommission- Autodraft Production

Interim by site" ing plan' /Earthworks" Records

Report'

Sandltill 4752100 10 106085 nla nla nla

Sandstone 3922200 4716902 nla nla nla

Basement 0 0 nla nla nla

Subtotal 8674300 14822 987 13350000 13414954 nla

Sandltill 4226500 4900528 nla nla nla

Sandstone 7945800 9739909 nla nla nla

Basement *1 469700 6204241 nla nla nla

Subtotal 13642000 20844678 21350000 18304338 nla

Total 22316300 35667665 34700000 31 719292 37705233

Location

Deilmann

South

Deilmann

,

Interim waste-rock report (Cameco 1994);
*

estimated basement value; as of June 1992

Volume determined by site, these values were reported as BCM (bench cubic meter) but were

converted to m
'

of dumped rock. All conversions from BCM to rn
'

were based on expansion factors of

1.1 for sand and 1.38 for sandstonelbasement rock. These expansion factors were taken from the Waste

Rock Characterization Report by SRK (1993); as of December 1995

Volume used by Cameco Engineering and Project Decommissioning plan: Deilmann north volumes

projected to end of mining Deilmann ore body
4

Volumes estimated by Autodraft Ltd. Using Earthworks computer model; as of April 1996

Production records by Richards (1997)
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2.4 DWR-39 study site

The current study site DWR-39 (Figure 2.3) is located approximately 40 m from the

edge of the DWR pile (Figures 2.1). The elevation at the ground surface is 537 m, 25 m

above the original ground surface. It was chosen for detailed investigation because: (1 )

the waste-rock profile represents a range in material types (basement gneissic and

sandstone/sand) overlying original lake-bottom sediments. (2) it is centrally located on

the waste-rock pile thus minimizing edge effects, and (3) the geochemical conditions of

this test site have already been studied in detail (Birkham, 2001 and 2002; Hollings.

2000; Lee. 2003; Cameco, 1998; SRK. 1993).

In previous research. various instruments were installed on this site from the left to right

(Figure 2.3). These includes seven standpipe lysimeters (to measure soil suction). a

neutron access tube (to estimate moisture content profiles with time). a string of ten

thermistors (to measure temperature profiles). nine gas probes (to measure O2 and CO2

concentrations). and a piezometer (to measure water-table levels and to collect water

samples from below the waste-rock pile for chemical analyses). Also. a tank lysimeter

was also installed at 10 m below the ground surface of the DWR-39 study site to collect

water samples from within the waste-rock pile for chemical analyses. Detailed

information of the instrumentation is presented in Section 3.5.

2.5 Grain-size distributions

Grain-size distribution analyses were conducted by Cameco Corporation for core

samples and surface-bulk sample collected from DWR pile. The core samples (n
= 104;

including basement rock and sandstone) were collected from the drilled holes located at

sites: DWR-l. DWR-2, DWR-3, DWR-4 and DWR-5. These core samples were dried

and separated by grain size using the following nest of sieve sizes (mm): 25.0,12.5.

4.75.2.00.0.850.0.425,0.150, and 0.0750. The surface-bulk sample (n
= L 175.2 kg,

basement rock only) was collected from the central region of the pile near the DWR-32

site.
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Grain-size analysis was conducted on the bulk sample using the following nest of sieve

sizes (mm): 203, 178,89.0,51.0,38.0,25.0,13.0, 10.0,4.75,4.75,2.00,0.850,0.425,

0.150, and 0.0750. Soil classifications for the above samples were based on the United

Soil Classification System (Holtz and Kovacs, 1981).

These core samples were not considered representative of in situ grain-size distributions

due to crushing and grinding occurred during drilling and sampling process. Summaries

of grain-size distribution results for these core samples are presented from Figures 2.4

(a) to 2.4 (e). Grain-size distributions were very similar for these materials. The

classification for mean and mean ± one standard deviation grain-size distributions was

either a poorly graded/gravelly sand or a silty sand/sand-silt mixture.

The surface-bulk sample contained cobble and boulder sized rocks. It was analyzed in an

attempt to more accurately represent the true grain-size distribution of the waste-rock

pile in which the size of material obtained from drilling core was restricted by the

diameter of the drill stem. Unlike these core samples, 40% of the bulk sample (Figure

2.4 (f) was cobble-sized and the material passing the 75 mm sieve was classified as a

well-graded gravel/gravel-sand mixture.

2.6 Acid-base accounting

SRK (1993) performed acid-base accounting (ABA) of the Key Lake waste-rock pile ..

The sulphur and carbonate contents of the sand, sandstone, and basement rock materials

were very low. Therefore, the Key Lake waste-rock piles were not obviously

characterized as being acid generating or consuming (SRK, 1993). The mean ratio of

neutralization potential (NP) to acid generation potential (AP) for sand was 1.6

(Standard deviation, s.d. =

1.3; n
=

29). The mean total sulphur (Stotal) content was

0.03% (s.d.
= 0.02, n

=

29). The NP/AP and Stotal for sandstone were 0.8 (s.d.
= 1.93, n

=

68) and 0.04% (s.d.
= 0.02, n

=

68), respectively. The NP/AP and Stotal for basement

rock were 1.7 (s.d.
= 1.5 n

=

27) and 0.11 % (s.d.
= 0.05, n

=

27), respectively. Typical

temperature in the waste-rock piles ranged from ° to 2°C.
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2.7 Geochemical reaction rates

Birkham et al. (2002) characterized and quantified the geochemical reaction rates in the

Key Lake waste-rock piles using in situ O2 and C02 pore-gas concentrations. 813CC02

values. and moisture contents. A I-D diffusion model based on the finite-element

method was used to quantity the consumption and redistribution of pore-gas O2• and the

production and redistribution of CO2, 13C02, and 12C02 gases at the waste-rock piles.

The results of modeling showed that all changes in O2 and CO2 concentrations (relative

to the atmosphere) within the waste-rock piles may not be the result of sulphide mineral

oxidation and carbonate buffering. At some sites on the DSWR pile. the oxidation of

organic matter beneath the waste-rock piles was found to have a major effect on the

pore-gas chemistry in the waste-rock piles.

Lee et al. (2003) used a modified kinetic-cell method of Hollings et al., 2000 to

determine the rates of sulphide oxidation in the waste-rock piles. This study was

conducted using waste-rock samples collected from the DWR and DSWR piles and the

natural forested soils adjacent to the Deilmann north pile. This kinetic method was used

to characterize O2 consumption and CO2 production by microbial respiration and

sulphide oxidation-carbonate buffering in waste rocks and associated natural deposits.

The findings of Lee et al. (2003) supported the conclusion of Birkham et al (2002) in

which organic oxidation, rather than pyrite oxidation was the dominant reaction

influencing the pore-gas chemistry in the DSWR pile. Lee et al. (2003) also reported that

the nearby lake sediments and natural surface soils yielded O2 consumption rates and

CO2 production rates over one order of magnitude greater than pyrite

oxidation/carbonate buffering in waste-rock samples.
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3.0 Materials and methods

This chapter presents the field investigations and the laboratory and analytical methods.

In the field investigation section the monitoring techniques and sampling schedules for

the neutron access tubes, standpipe lysimeters, piezometer, and thermistor strings are

described (Section 3.1.1 to 3.1.5).

In the laboratory and analytical methods section (Section 3.2.1 to 3.1.6), elemental

analyses (organic / inorganic carbon, sulphate / pyritic sulphur, and total content of

nickel. arsenic. and uranium), and leaching experiments (sequential extraction, reactive

extraction, short-term leach test under field moisture conditions, and long-term leach

test) conducted on borehole samples collected from the DWR-39 test site are detailed.

3.1 Field investigation

3.1.1 Moisture contents - Gravimetric

Gravimetric moisture content (ill) was determined on six core samples collected from a

bore hole (where the standpipe lysimeter DWR-39-5 is located) at DWR-39 after the

drilling of that hole was completed. The samples were collected from the depth (m)

22.42 - 23.20,23.50 - 23.83,25.25 - 25.78,25.78 - 26.1, 32.00 - 32.50, and 32.50-

33.00 below ground surface. These samples were placed in zip-lock bags immediately

after sampling and sent to the chemical lab at Key Lake for analyses. After weighing,

these samples were placed in a 200°C oven for 24 hours. After 24 hours, the final

weights of core samples were also recorded.



17

3.1.2 Moisture-content distribution

A neutron-access tube was installed to a depth of 24.4 m below the ground surface

(Figure 2.4) by Cameco technicians in April, 1997 (Cameco. 1998). The tube was

constructed ofr (0.0762 m) ID PVC pipe (Schedule 40). A bentonite seal was placed at

the top of the tube to prevent water from preferentially flowing down the edge of the

pipe.

The neutron probe used was a CPN 503DR Hydroprobe manufactured by CPN

International, Inc. The probe contained an Americium-241: Beryllium source to emit

high-energy neutrons into the surrounding material (CPN International, 1999). The

collisions between the emitted neutrons and the hydrogen atoms in pore water molecules

reduced the energy of the neutrons. A Helium-3 detector then detected the less energetic,

or thermalized neutron. Since the number of thermalized neutrons detected was

proportional to the moisture content in the surrounding waste-rock materials, the probe

could be calibrated to measure volumetric moisture content. The calibration used in this

program was a combination of laboratory methods and laboratory and field results

obtained by Lee (1999). The detailed calibration procedure of the neutron probe is

presented in Appendix A 1.6.4.

Neutron counts were measured at intervals of 0.3 m approximately three times a year

from April, 1997 to October, 1999 by Cameco technicians. Volumetric moisture content

profiles were generated for each date by converting the neutron counts to volumetric

moisture contents using Equations A-13 and 14 in Appendix A 1.5.4.

3.1.3 Soil-suction distribution

Seven standpipe lysimeters (2nd generation) were installed at DWR-39 (Figure 2.4)

between May 04th 2000 and May is" 2000 by a drilling contractor (Higgins Well

Services) and the author. The Operating principle of the standpipe lysimeter is discussed

in Section A1.6.L Appendix A. Lysimeters DWR 39-1, -2, and -3 (depths of6.81.

10.37, and 13.1 m, respectively) were installed in the basement gneissic stratum.
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Lysimeters DWR 39-4, -5, and -6 (depths of 19.6,25.4. and 27.7 m, respectively) were

installed in the sandstone stratum. Lysimeter DWR 39-7 (depth of33.2 m) was installed

in the overburden sand underlying the organic sediments.

A detailed construction report for the standpipe lysimeters is presented in Appendix B.

The standpipe lysimeters were assembled in the old mine shop at the Key Lake Uranium

mine. The assembly of these lysimeters included the connection of polyvinyl chloride

(PVC) pipes, a porous plastic filter tube, a low density polyethylene (LDPE) tubing. a

ceramic tube, and a brass-elbow fitting (Figure 1 and 2, Appendix B). Silica-flour slurry

(Solid-liquid ratio of 1: 1) with a bromide tracer (approximately 400 mg/L) was poured

into each standpipe lysimeter. After the silica-flour slurry was consolidated. these

standpipe lysimeters were transferred to the study site. Seven 2 1;2" (0.0635 m)-diameter

boreholes were drilled using a sonic drill rig. The lysimeter was slowly lowered into the

borehole. During this process, a 1" (0.0127 m) ID PVC pipe and 'It (6.35 mm) LDPE

tubing were extended from the standpipe lysimeter to the ground surface as the lysimeter

was lowered to the bottom of the borehole. The installation of a typicallysimeter is

illustrated in Figures 5 and 6 of Appendix B. Silica-slurry, frac sand. coarse sand, and

the original materials were back-filled into the boreholes in sequence. The complete

schematic of the construction of the standpipe lysimeter and the depth of each backfilled

material are presented in Figures 7 and lOin Appendix B.

The water levels in the standpipe lysimeters were measured monthly from the date of

installation until May 2002 to determine soil suctions in the waste-rock pile. The method

of determining soil suction from water level measurements is detailed in Section

A 1.6.1.1, Appendix A. All water was removed from the standpipe lysimeters in the

following periods: May and July, 2000; May, September, and October. 2001; January

and May. 2002. These water samples were analyzed for major cations. anions and trace

metals analyses using ion chromatography (Dionex Corp .. Model DX-320) in the

Department of Geological Sciences. University of Saskatchewan. After the water was

removed from the lysimeters, the water levels in the lysimeters were monitored daily

until they stabilized.
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To obtain soil suction value from the standpipe lysimeter, the water drawdown, which

was measured from the top of the lysimeter to the water surface. (see Figure A-08b.

Appendix A) was multiplied by a constant 9.80 kPaJm H20. The drawdown in the

lysimeter is a measure of negative water pressure (soil suction) in the surrounding waste

rock. The more negative the soil suction. the lower the moisture content of the

surrounding soil. If the soil suction decreases. the interconnected water phase (saturated

silica flour) will draw water back into the lysimeter until the system comes into

equilibrium.

3.1.4 Modeling of recharge rates of standpipe lysimeters using Darcy's law

Intensive monitoring of water level recovery within the standpipe lysimeters at DWR-39

was conducted in order to estimate the time required for the lysimeters to reach

equilibrium with the waste rock. The field work was performed between May 2002 and

August 2002

A one-dimensional spreadsheet model was used to analyze recovery rate of the

standpipe lysimeters. Equation [A-14, Appendix A], based on the Darcy's law. was the

governing equation to determine the pressure head inside the standpipe lysimeters. The

model required the final equilibrium pressure head outside of the standpipe lysimeter

and an initial guess of the hydraulic conductivity of the saturated silica flour. The

modeling results were compared to the field data and the value of the hydraulic

conductivity was adjusted to obtain a match between the model and the monitoring data.

Details of modeling parameters are located in Appendix C 6.0. After the calibrated

response curve from the model was obtained, it was used to predict final equilibrium

suctions based on only early recover data and select sampling frequencies to maximize

collection volumes.

3.1.5 Groundwater monitoring

A piezometer (DWR-39P) was installed at 39.3 m below the ground surface at DWR-39

by Cameco technicians in March. 1997. It was constructed of 0.05 m (2 inch). Schedule
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40. threaded PVC pipe. The bottom of the piezometer had a screen length of9 m and

filter sand was placed around the screen. The remaining annular space was filled with

grout with bentonite seals placed above and below the grouted portion. The piezometer

was monitored quarterly for water chemistry and groundwater levels by Cameco

technicians from the date of installation to present.

3.1.6 Temperature distribution

A string often thermistors. (RST Instruments Ltd. Model TH0035C), was installed by

Cameco technicians in 1997 at DWR-39 to a maximum depth of28 m below ground

surface. The thermistors had an operating temperature range from -80 to 75°C (accuracy

of ± 0.2°C and a stability of ± 0.01 °C). The thermistor string was placed in a one-inch

PVC pipe (bottom end capped) filled with canola oil. The high thermal conductivity of

the oil helped to equalize temperatures between the inside and outside of the pipe.

Temperatures were measured approximately four times a year during by Cameco

technicians from August, 1997 to May, 2001.

3.2 Laboratory analyses

3.2.1 Waste-rock sampling and sample processing

Approximately 150 kg of waste-rock samples were collected during drilling of the bore

hole for lysimeter DWR-39-5 at DWR-39. This hole was drilled to a depth of 33.2 m

between May 9th and lih in year 2000 using a sonic drill rig. The depth. geologic

material, color, moisture contents (gravimetric) and the texture of the core samples was

logged. After the geologic log was completed. the waste-rock samples were separated

into 30 sub-samples. Each sub-sample was sealed in a plastic bag and transported to the

Department of Geological Sciences of University of Saskatchewan. A portion (�750 g)

of each sub-sample was air-dried and passed through a 2 mm sieve. Particles less than 2

mm in diameter were subsequently ground to < 0.5 mm using a Retsch Ultra Centrifugal

Mills (Model ZM 100). Table 3.1 summarizes the depth distribution of these sub

samples.



Table 3.1: The distribution ofsub-samples subjected to different analyses or tests

Depth Sub-sample
Solid Analysis Leach tests

(±0.5 m) ID Metal

Assay
A** B*** C****

1.0 DWR-OI ../ ../

2.0 DWR-02 ../ ../

3.0 DWR-03 ../ ../ ../ BR

4.0 DWR-04 ../ ../ BR

5.0 DWR-05 ../ ../ BR

6.0 DWR-06 ../ ../ BR

7.0 DWR-07 ../ ../

8.0 DWR-08 ../ ../

9.0 DWR-09 ../ ../ ../

10.0 DWR-IO ../ ../

11.0 DWR-ll ../ ../ ../

12.0 DWR-12 ../ ../ ../

13.0 DWR-13 ../ ../ ../

14.0 DWR-14 ../ ../ ../ SS

15.0 DWR-15 ../ ../ ../ SS

16.0 DWR-16 ../ ../ ../ SS

17.0 DWR-17 ../ ../ ../

18.0 DWR-18 ../ ../ ../

19.0 DWR-19 ../ ../ ../

20.0 DWR-20 ../ ../ ../

21.0 DWR-21 ../ ../ ../

22.0 DWR-22 ../ ../ ../

23.3 DWR-23 ../ ../ ../

24.0 DWR-24 ../ ../ ../

25.8 DWR-2S.8 ../ ../ ../ OL

26.0 DWR-26.0 ../ ../ ../

26.3 DWR-26.3 ../ ../ ../

28.0 DWR-28 ../ ../ ../

31.0 DWR-31 ../ ../ ../

33.0 DWR-33 ../ ../ ../

* Solid analyses of total carbon / organic carbon; Total sulphur / Soluble sulphate
** Leach tests A included reactive extraction, short-term leach test (unsaturated), long-

term leach test

*** Leach test B of sequential extraction of composites samples from each waste-rock

materials: BR - basement rock; SS - sandstone; OL -

organic layer

****Leach test C of modified sequential extraction samples
../ Sub-sample subjected to analysis or test

3.2.2 Total inorganic carbon (enorganic) and organic carbon (Corganic)

Sub-samples (n
=

24; Table 3.1) were analyzed for Cinorganic and Corganic using a CNS

analyzer (LECO Carlo Erba elemental analyzer 1500) in the Department of Soil Science

with a lower detection limit of �O.OI wt %. In the calibration for Cinorganic analysis, four

replicates of 0.3 g of calcium carbonate were used. In the calibration for Corganic analysis.
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3.2.4 Total metal assay

The waste rock sub-samples (n
= 30; Table 3.1) were analyzed at the Chemical

Laboratory of the Key Lake uranium mine for the complete elemental composition after

digesting solid waste in aqua regia and hydrofluoric acid (HF) mixture (Jackson, 1974:

Sridhar and Jackson 1994). The sub-sample (1.0 g) was placed in a 250-mL Teflon cup

and 10 mL of 12 M HCI and 5 mL of 15 M HN03 (aqua regia solution) was added to the

Teflon cup. The mixture was placed on a hot plate and allowed to digest for 20 minutes.

The Teflon cup was removed from the hot plate and allowed to cool for 5 minutes. Five

mL of perchloride acid (H3B03) followed with 20 drops of HF were added to the sub

sample and the sub-sample was reheated on the plate until total dryness was achieved.

The sub-sample was allowed to cool down and 10 mL of deionized water followed with

2 mL of HN03 were added to the sub-sample. The sub-sample was reheated on the hot

plate until simmering. The sub-sample was allowed to cool down and was filtered with a

0.45 IJ.m membrane paper. The filtrate was then transferred to a 1 OO-mL volumetric flask

four replicates of 0.1 g of sucrose were used. Sample masses of 0.7 g and 0.5 g were

required for the enorganic and Corganic analyses, respectively.

3.2.3 Sulphide (Ssulphide) and sulphate (Ssulphate)

Approximately 109 of each sub-sample (n
=

24; Table 3.1) were sent to the Analytical

Laboratory of the Saskatchewan Research Council for soluble sulphate and total sulphur

analyses. The content of sulphate was determined by digesting 1.0 g of sample with a 10

% perchloric acid solution. The digested solution was then analyzed for sulphur using

ICP-AES. The lower detection limit for sulphate analysis was �0.001 wt %. The total

sulphur content was analyzed by a Carbon-sulphur Analyzer (Horiba, Model EMIA

520). The sub-sample (0.2 g), tungsten chip metal (2.0 g), and iron chip metal (1.0 g)

were added to an aluminum oxide fusion crucible. The crucible was placed in an

induction furnace and fused for 60 seconds in an oxygen stream. The combustion gases

were then analyzed for S02 concentration by infrared detectors. The lower detection

limits for total sulphur was � 0.01 wt %.
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and was made up to a final volume of 100 mL. The filtrate was analyzed for metal

assays using ICP-AES, flame atomic absorption spectrophotometer equipped with flame

atomic absorption spectrophotometer equipped with a hydride generator and flourimetry

techniques, which are described in detail in the analytical procedures (Section 3.2.6).

3.2.5 Metalleachability

In this study, several leaching procedures were used to estimate the leaching behavior of

waste rock pile materials. These include a sequential extraction procedure, reactive

fraction, short and long term leachability tests. All the leachability tests were conducted

in the general geochemistry laboratory in the Department of Geological Sciences,

University of Saskatchewan.

The procedure of Tessier et al. (1979) selected for this study, is one of the most common

phase-partitioning procedures in the literature. The method was widely used and

literature showed that the method was also used in radioactive waste analysis (Dhoum,

1997). It was designed to separate trace metals into six phases: water soluble,

exchangeable, carbonate bound, Fe-Mn oxides bound, organic bound, and residual

fractions. A summary of the procedure is described in the following section. Refer to

Appendix A 1.4.2. for the detailed background of the method.

3.2.5.1 Sequential extractions (Tessier et. aI., 1979)

Instead of using all 30 sub-samples for the sequential-extraction experiment, each waste

rock sample was made up of a composite samples from the sub-samples associated with

that material (e.g. basement rock, sandstone, original lake sediments). The samples used

to create the composites are defined in Table 3.1 (Column B).

One gram of each composite sample was weighed into a 40-mL polycarbonate

centrifuge tube and the following tests conducted. Trace metals were sequentially

extracted from this one-gram sample and fractionated into following operationally

defined fractions:
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1. Water soluble: 15 mL of deionized water was added to the sample in a

centrifuge tube. The centrifuge tube was continuously agitated for :2 hours at

room temperature.

6. Residual: The residue from the organic-bound extraction was digested using a

HF-HN03 dissolution procedure in a Parr 4745 acid digestion bombs (Bernas,

1968). A standard reference material (SY-2 Rock material) obtained from

National Institute of Standards and Technology (Gaithersberg, MD-20899) was

used to verify the recovery of acid digestion method used in this study.

2. Ion exchangeable: 8 mL of 1 M MgCb (pH 7.0) was added to the residue (from

the water-soluble extraction) with continuous agitation at room temperature for 1

hour.

3. Carbonate bound: 8 mL of 1 M NaOAc (adjusted to pH 5.0 with HOAc) was

added to the residue (from the ion-exchangeable extraction) with continuous

agitation at room temperature for 5 hour.

4. Fe-Mn oxide bound. 20 mL of 0.04 M NaH20H-HCl in 25 % (v/v) HOAc was

added to the residue (from the carbonate-bound extraction) with occasional

agitation at 96°C for 6 hour.

5. Organic -Bound. 3 mL of 0.02 M HN03 and 5 mL of30% H202 (adjusted to

pH 2 with HN03) was added to the residue (from the Fe-Mn oxide bound

extraction). The mixture was heated to 85°C for 2 hours, with occasional

agitation. A second 3-mL aliquot of 30% H202 (pH 2 with HN03) was added and

the mixture was heated to 85°C for 3 hours with intermittent agitation. After

cooling, 5 mL of 3.2 M NH40ac in 20% (v/v) HN03 was added to the residual

and was diluted to 20 mL using deionized water and agitated continuously for 30

mm.
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After each successive extraction, solid-liquid separation was conducted by

centrifugation at 4k rpm (1540 X G) for 30 minutes. The supernatant was removed with

a syringe and filtered with OA5 11m Nucleopore membrane filters and analyzed for

Nickel, arsenic. and uranium. The remaining residue was washed with 8 mL of

deionized water followed by 30 minute of centrifugation prior to the next extraction.

3.2.5.2 Modified sequential extractions (Coles 1995; Kristnamurti 1995; Dhoum

1997)

Two waste-rock samples were selected for additional sequential extractions testing. In

this case. two samples wee from the sub-samples of the basement rock at 9 meter and

from the sand/sandstone layer at 14 meter below the pile surface were tested. These

samples were chosen because they contained higher metal assay of Ni, As. and U than

the other sub-samples. Refer to Appendix A1A.3. for the detailed background of the

method.

One gram of each sample was weighed into a 40-mL polycarbonate centrifuge tube and

the following tests conducted. Trace metals were sequentially extracted from this one

gram sample and fractionated into following operationally defined fractions:

1. Water extractable: 10 mL of deionized water was added to the sample in a

centrifuge tube. The centrifuge tube was continuously agitated for 4 hours at

room temperature.

2. Exchangeable: 10 ml of Mg(N03)2 (pH 7.0) was added to the residue (from the

water extractable step) with continuous agitation at room temperature for 4

hours.

3. Carbonate bound: 25 ml of 1 mol r' CH3C02Na (pH 5.0) was added to the

residue (from the exchangeable extraction) with continuous agitation at room

temperature for 6 hours.
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4. Metal-organic complex-bound: 30 ml of 0.1 mol r' N(4P20i 10H20 (pH 10)

was added to the residue (from the carbonate-bound extraction) with continuous

agitation at room temperature for 20 hours.

5. Easily reducible metal oxide-bound: 20 ml of 0.1 mol r
'

NH20HHCI in 0.01

mol r' HN03 was added to the residue (from the metal-organic complex-bound

extraction) with continuous agitation at room temperature for 30 minutes.

6. H202 extractable organic-bound: 5 ml of 30% H202 (pH 2), 3 ml of 0.02 mol r

,

HN03 was added to the residue (from the easily reducible metal oxide-bound

extraction) at 85°C for 2 hours with occasional agitation. An additional 3 ml of

30% H202 (pH 2) was added at the same temperature and was allowed to react

for another 2 hours. The mixture was cooled to room temperature and 10 ml of 2

mol r' Mg(N03)2 in 20% HN03 was added with continuous agitation at room

temperature for 30 minutes.

7. Amorphous mineral colloid-bound: 10 ml of 0.2 mol r' (NH4)2C204 (pH 3)

was added to the residue (from the H202 extractable organic-bound extraction) at

room temperature for 4 hours in a completely dark condition.

8. Crystalline Fe oxide-bound: 25 ml of 0.2 mol r' (NH4)2C204 (pH 3) in 0.1 mol

r' ascorbic acid was added to the residue (from the amorphous mineral colloid

bound extraction) at 95°C and was allowed to react for 30 min.

9. Residual: The residue from the organic-bound extraction was digested using a

HF-HN03 dissolution procedure in a Parr 4745 acid digestion bombs (Bernas,

1968). A standard reference material (SY-2 Rock material) obtained from

National Institute of Standards and Technology (Gaithersberg, MD-20899) was

used to verify the recovery of acid digestion method used in this study.

The volume of the reagents is based on 1 g of mine tailings «2 mm); after each

treatment, the extract will be collected by centrifugation for 10 minutes at 12 000 g, the
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residue washed once with equal amount of deionized water, the supernatants combined,

and made up to a known volume.

3.2.5.3 Reactive extraction

This reactive extraction method was developed by Hurerta Diaz and Morse (1990). The

method was adapted from the sequential extraction by Tessier et. al. (1979), which

combined the operational defined fractions included water soluble, ion exchangeable,

carbonate bound, Fe-Mn Oxide bound fractions into a reactive extractable fraction.

Refer to Appendix A 1.4.4 for background information on the method.

Five grams of each sub-sample were placed in a 10 mL centrifuge tube, followed with

20 mL of 1 M HCL. The sub-sample was transferred to a rotational mixer and was

allowed to equilibrate for 24 hours. The supernatant was collected by centrifugation

(International Equipment Company, Model HN-S) for 30 minutes at 12000 g. The

sample was washed with 10 mL of deionized water and the washing fluid was also

collected by centrifugation (30 minutes at 12000 g). This washing procedure was

repeated, the leachate and washing fluids were combined (�40 mL) and analyzed for

nickel, arsenic, and uranium.

3.2.5.4 Unsaturated short-term leaching test (under simulated field moisture

conditions)

Five hundred grams of each of the powdered samples were equally distributed into four

200-mL beakers. Approximately 20 mL of deionized water was added to each of the

beakers and stirred with a glass rod for 2 minutes. The samples were then left at room

temperature for 24 h. They were subsequently transferred to 4 centrifuge cups (cup size

= 4S mL) and centrifuged (Beckman, Model J6-MI) at 5000 rpm for 2 hours. Between 5

and 12 mL of effluent was collected (from the bottom of the cups). These four effluents

were combined to one composite sample. This composite sample was analyzed for

nickel, arsenic, and uranium and other trace metals (Fe, Cu, Zn, Cd, and Mn). Sample
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weights were recorded before and after centrifuging to determine the effluent mass.

Refer to Appendix A1.4.5. for method background.

3.2.5.5 Long-term leaching test (under aerobic condition)

Thirty grams of each of the 30 sub-samples was placed in 250 mL Erlenmeyer flasks

with 150 g deionized water. The samples were agitated for 2 minutes and then let stand

for 10 minutes. The pH was measured using a pH meter (Orion Research Inc .. Model

250A). Twenty mL of supernatant was extracted, filtered with 0.45 11m Nucleopore

membrane filters and analyzed for nickel, arsenic. and uranium and other trace metals

mentioned in the previous section. Any residue remained on the membrane and 20 mL

of deionized water were returned back to the flask to maintain a constant volume.

Sampling intervals were 1 hour, 1 day, 9 day, and 187 day. Refer to Appendix A1.4.6.

for method background.

3.2.6 Analytical procedures

With the exception of the metal leachability test under field moisture contents and the

long-term leaching tests, all extractions were conducted in duplicate. In the case of the

metal leachability test under field moisture conditions and the long-term leaching test

extractions, no duplicate tests were conducted.

Nickel concentrations were measured using either flame atomic absorption

spectrophotometer (Varian SpectrAA 270; Lower detection limit (LDL)
= 1 mg/L) or

graphite furnace atomic absorption spectrophotometer (Perkin Elmer-31 00; LDL = 1

I1g/L). Arsenic was measured with a flame atomic absorption spectrophotometer

equipped with a hydride generator (Varian-220; LDL = 1 ug/L). External standard

solutions (As and Ni) were prepared from 1000 mg/L stock metal solutions (Fisher

Scientific Ltd.). Uranium was quantified either by flourimetry (LDL
= 2 ug/L) or laser

phosphorescence uranium analyzers (LDL
= 2.5 I1g/L) that allowed the addition of the

appropriate activity of tracer to the sample to minimize interferences in spectral analysis.
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Major cations (Na, K. Mg. and Ca) and anions (Cl and so,": were analyzed using ion

chromatography (Dionex Corp .. Model DX-320).

Table3.2: Summary ofanalytical methods used in the elemental analyses and leachability tests

Analyzed Analytical methods

elements

Low detection Test works

limit (LDL)

Nickel Flame Atomic Absorption Spectrophotometer

(Varian SpectrAA 270)

1 mg/L Reactive Extraction

Inductively Coupled Plasma-Atomic Emission

Spectrometry

5 j..lg/L Total Metal Assay.

Sequential Extraction.

Long-Term Leaching

Graphite Furnace Atomic Absorption

Spectrophotometer (Perkin Elmer-31 00)

Reactive Extraction,

Unsaturated Short

Term Leaching

Arsenic Flame Atomic Absorption Spectrophotometer 1 ug/L

equipped with a hydride generator (Varian-220)

Reactive Extraction,

Unsaturated Short

Term Leaching

Atomic Absorption
- Flow Injection Systems 0.5 ug/L Total metal Assay,

Sequential Extraction.

Reactive Extraction,

Long -Term Leaching

Uranium Flourimetry Total metal Assay,

Sequential Extraction.

Long-term Leaching,

Laser phosphorescence uranium analyzers 2.5 ug/L Reactive Extraction.

Unsaturated Short

Term Leaching
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4.0 Results and discussion

This chapter presents a summary of the field data and laboratory results, as well as a

discussion of these results. Only the results of chemical analyses of the three metals of

interest: nickel, arsenic, and uranium, are presented here. Concentration data for the

associated cations, anions and trace metals (i.e. Na, Ca, Mg, S042-, CI, Fe, Cu, Zn, Co,

Cd, and Mn, respectively) are presented in Appendix C.

4.1 Geological profile

The geologic log for DWR-39 is presented in Figure 4.1. The borehole, drilled to 34 m

below the ground surface at the DWR-39, encountered two waste-rock layers. The upper

layer (12 m thick from 537 to 525 m) was comprised of basement rock. The lower layer

(13 m thick from 525 to 512 m) was comprised of sandstone. The original ground

surface of lake-bottom sediments underlying the sandstone layer was not removed

before pile construction creating a layer of organic-rich material located at elevation

between 512 m. Overburden sand was found underlying the lake-bottom sediments.

The interface between the sandstone and basement rock was poorly defined. This was

attributed to the mixing and air-flushing of core samples when the samples were

collected from the core tube. The texture of the sandstone core was much finer than that

of the basement rock. Small pieces of sandstone with a diameter ranged from 50 mm to

150 mm were sometimes found within the sand. The layer of lake sediments was clearly

defined and identified by its organic odor and decomposed-plant material.
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4.2 Groundwater elevation

Groundwater levels beneath the DWR-39 study site over an 18-month period are

presented in Figure 4.2. The groundwater elevation (n
=

9) between May ill, 1997 and

November is". 1998 rose approximately a meter from Elev. 502.01 to 503.06 m, a

change in depth of 35.67 to 34.62 m below the ground surface. The mean groundwater

elevation was 502.6 m (35.1 m from the ground) (n
=

9; standard deviation, s.d. = 0.4

m).
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Figure 4.2: DWR-39 Piezometer water leve/from May 1997 to Nov 1998

The locations of piezometers for the Deilmann-north pile (n
=

9) and the natural

environment (DWR-7, 8, and 9) are presented in Figures 4.3. The groundwater elevation

(see Figures 4.4 and 4.5) was lowest at DWR-l (485 m; s.d. = 3 m) and was greatest at

DWR-ll (530 m; s.d. = 0.5 m). The groundwater levels of all the monitoring locations

except DWR-l1 increased over the 900-days time period, reflecting the regional

response to increasing water levels in the Deilmann pit. DWR-I P is the closest

piezometer (see Figure 4.3) to the Deilmann pit, the large standard deviation (3 m)

reported is due to the direct influence of the water level increase in the Deilmann pit.

The elevation at DWR-ll was much greater than any of the locations because its

hydraulic head may not have (or may have a little) influence by the cone of depression

effect at the Deilmann pit. According to the contour lines presented in Figure 4.3. the

trend of groundwater flow was generally towards the Deilmann pit. The groundwater

elevations at DWR-39P were the 2nd highest of those measured. The groundwater flow
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profile was extended with the data obtained from 24.4 to 29.25 m of DWR-21 adjacent

to DWR-39 for comparison purposes. In general, the volumetric moisture contents of the

borehole samples were slightly less than the values determined from the neutron probe.

This may be due to part of the water evaporated when the core samples contacted the hot

surfaces of the drill and core tube, and water from the core samples may condense onto

the inner surface of the zip-lock bags.

Table ,,/.2: Volumetric moisture contents of the core samples and the neutron data

Depth Volumetric moisture content Volumetric moisture content

(m) converted from the gravimetric obtained from neutron data (Mean

content of the core samples (%) value ± s.d. %)

22.5 8.5 24.4 ± 6.0

22.8 8.S JS.O± 1.6

23.1 8.5 16.0±2.3

23.4 10.5 12.1 ± 1.8

23.7 10.5 12.8 ± 1.6

25.5 10.5 6.58 ± 0.3

26.4 8.S 4.10 ± 0.6

4.4 Moisture content Distribution - Volumetric

A depth profile of mean volumetric moisture content measured using the neutron probe

is presented in Figure 4.6. Mean volumetric moisture content values ranged from 0.9%

to 33%. Standard deviations were generally less than 2% over the 2.5 years of

monitoring (n
=

790) which suggests that steady-state conditions have been established

with respect to moisture content. Three zones of high moisture contents (> 17%) were

observed. These were located at 1 meter below the waste-rock surface (33.8 ± 3.5 %), at

14.3 m (17.8 ± 2.0 %) and at 22.53 m (24.4 ± 6.0 %). The three zones of high moisture

content may correspond to traffic zones located at the top of lifts or the presence of ice

and finer grained materials developed along these exposed compaction surfaces. There

was also a trend of increasing water content from 23.4 to 24.4 m close to the dewatered

lake sediments underlying the pile at 25 m. Excluding the elevated moisture content

zones, the overall mean moisture contents of the gneissic and the sand waste rock layers

was 3.69 % (n
= 380, standard deviation (s.d.)

=

0.64%) and 9.04 % (n
= 410, s.d. = 1.60
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The seasonal change is further confirmed with the complete recovery data of the

DWR39-Ll standpipe lysimeter installed at 1.48 m in Figure 4.10. In the first period,

from May 15.2002 to July 16,2002, the pore-water levels (at 4.61 m) inside the

standpipe lysimeter were at the same level as the bottom of the lysimeter and the water

level had no significant fluctuation in this period. In the second period, from July 16.

2002 to August 03, 2002, the measured location of the lysimeter bottom dropped from

4.61 to 5.11 m. indicated the melting of ice in the lysimeter (Refer to Section 4.6 for

temperature profile in DWR-39). The water levels rose from 4.70 to 4.20 m due to the

increase in infiltration of the melting snow or ice near the standpipe lysimeter.

Prior to the beginning of the third period (between August 03,2002 and August 23,

2002) pore water was removed from the standpipe lysimeter. The recovery curve of this

period is presented in Figure 4.9 (a) and was similar to the recovery curves found in

those present in Figures 4.9 (b) to 4.9 (g).
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Therefore. observed enorganic and Corganic contents of the basement rock and sandstone in

this study remained similar to the results of previous study performed by Cameco (1998)

from the same waste-rock pile (Appendix A 1.7.2 of Key Lake waste-rock studies).

In another study. Lee et al. (2003) analyzed lake sediments and forest soils collected

from a nearby study site for various carbon fractions. The observed enorganic contents

were below detection limit and mean Corganic contents were 0.7% (n
=

2) in lake-bottom

sediments and 1.4% (n
=

5) in forest soils. These values remained relatively high

compared to values of various carbon fractions found beneath DWR-39.

Ritchie (1994) estimated a carbonate (CO/) content from typical waste-rock piles

(Norwich Park, Rum Jungle, and Woodlawn in Australia; Aitik mine in Sweden) to be

0.04% or equivalent to a Cinorganic content of 0.01%. Mean enorganic contents of waste

rock at DWR-39 were very similar to this value.

The mean Corganic contents in the basement rock (0.01 %, s.d. = 0.01 %) and sandstone

(0.02%, s.d. =

0.02) were comparable to Corganic contents in natural sands from central

Saskatchewan (0.1 % to 0.3%) (Hendry et al., 1999); Loess of Washington State (0.03 to

1.5%) and till near Dalmeny (0.2 to 1.3%) (Wood et al., 1993). Mean enorganic contents

in DWR-39 were lower than the values reported in these pore gas studies of non-waste

rock environments.

4.7.2 Sulphide and dissolved sulphate

Detailed vertical distribution profiles of total sulphur (Stotal) and dissolved sulphate

(Ssulphate) are presented in Figure 4.13. Generally, measured Stotal and Ssulphate contents

were greater in the basement rock than in the sandstone. It is noted worthy that all the

Ssulphate Contents in this section were reported as the percent sulphur in sulphate. The

reported Stotal and Ssulphate concentrations (0.01 % and 0.0003%, respectively) in this study

indicating sample concentrations were at or below the detection limits. The shaded area

from 1 to 17m represents the sulphide (Ssulphide) contents calculated as the difference
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Table -1.5: DWR-39 Summary o.fS\IIII'III,,�and S\llII'I/uI�conlents in waste-rock samples

Waste-rock Number Statistic Solid assay 1\\1 °0)

materials ofsamp\es parameter Stotal ILDL Ssulphate 1 LDI Ssulphide 1 LDLU 1110) U Ollm) (J OIU)

Basement Rock 11 Min. <0.01 <0.0003 <0.01

Max. 0.25 0.043 0.21

Mean 0.13 0.017 0.11

s.d. 0.08 0.018 0.07

Sandstone 12 Min. <0.01 <0.0003 <0.01

Max. 0.02 0.004 0.03

Mean 0.01 0.002 0.01

s.d. 0.003 0.001 0.01

Organic layer 0.02 0.019 <0.01

Overburden sand 4 Min. <0.01 0.010 <0.01

Max. 0.04 0.007 0.04

Mean 0.02 0.002 0.02

s.d. 0.02 0.003 0.02

The mean Ssulphide contents was 0.5% in lake sediments and forest soils (n
=

2) collected

from a nearby experimental site (Lee et al., 2003), and remained relatively high

compared to estimated Stotal values of Ritchie (1994) observed in the typical waste rock

piles (Norwich Park, Rum Jungle, and Woodlawn in Australia; Aitik mine in Sweden).

The mean Stotal contents in the basement rock and sandstone were comparable to sulphur

contents in till at the Dalmeny site, 0.2 % and a reclaimed coal mine. 0.18 % (Keller and

Bacon 1998; Jaynes et al. 1993).

Lee et al. (2003) also identified the presence of sulphide in the DWR pile as pyritic

minerals. They suggested that O2 consumption and CO2 production was likely to be

constrained by pyrite oxidation and carbonate buffering in the basement waste-rock.

They conducted kinetic-cell experiments using similar waste-rock materials from DWR-

39 and determined a mean ratio of 102 : 0.2C02 using a linear relationship between the

rates of O2 consumption and CO2 production. The determined ratio was in agreement

with their theoretical mole ratios (102 : 0.1 - 0.5 CO2) of pyrite oxidation with carbonate

buffering showed that pyrite oxidation was the major reaction in the basement rock at

DWR-39 site.
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sulphate contents were not reported because presence of sulphide reduced to below its

detection limit. These profiles of the calculated and actual sulphate concentrations

intersected at approximately 13.5 m in the sandstone layer (Figure 4.16). The decrease in

sulphate production from the pyritic sulphide did not reduce the actual amount of

sulphate in the sandstone layer, however, the profile of the actual sulphate showed an

increase in concentration below13 m. This was possibly due to the high water content at

that depth causing more dissolution of sulphate or the downward mobilization of

sulphate from the upper basement rock layer.

4.7.3 Total-metal contents

Detailed vertical distribution profiles of total nickel, arsenic and uranium concentrations

in DWR-39 are presented in Figure 4.17 and a statistical summary of these results is also

presented in Table 4.6. The observed Ni distribution pattern showed higher

concentrations in the sandstone layer than in the basement rock and increasing Ni

concentrations with depth in the sandstone. A Ni maxima was located at the 25.95 m in

the original lake sediment layer (Figure 4.17 a). The mean concentrations of nickel in

the basement rock, sandstone, original lake sediment and overburden sand were 240

ug/g (s.d.
= 108 ug/g; n

=

24), 421 ug/g (s.d.
= 91 ug/g; n

=

26), 452 ug/g (s.d.
= 315

ug/g, n
=

2), and 376 ug/g (s.d.
= 95 /-lg/g, n

=

8), respectively.

The arsenic concentration (Figure 4.17 b) maximized at 2 m in the basement rock and

dramatically decreased in concentration until 5 m was reached. The observed As

distribution pattern showed higher concentrations in the basement rock than in the

sandstone layer and decreasing As concentrations with depth in the sandstone. A As

maxima was located at the 2 m in the basement rock. The mean concentrations of

arsenic in the basement rock, sandstone, and overburden sand were 72.1 ug/g (s.d.
=

142.1 ug/g), 37.3 ug/g (s.d.
= 54.3 ug/g), and 1.8 ug/g (s.d.

= 0.3 ug/g), respectively.

The arsenic concentration at the organic layer was 6.3 ug/g.

52





Table -1.6: DWR-39 Summary ofmetal assay (Ni, As. and U) ofwaste-rock samples

Number Metal assa� (Ilg/g)
of Statistic

Waste-rock materials
sam�les parameter Ni As U

Basement rock 12 Min 46 2.0 1.00

Max 429 513.0 69.79

Mean 240 n.1 14.61

s.d. 108 142.1 21.57

Sandstone 13 Min 261 6.1 0.59

Max 584 164.0 39.77

Mean 421 37.3 5.21

s.d. 91 54.3 8.14

Original Lake Sediment 2 Min 229 1.05

Max 674 4.32

Mean 452 6.3 2.69

s.d. 315 2.31

Overburden Sand 4 Min 280 1.5 0.76

Max 525 2.1 3.27

Mean 376 1.8 1.58

s.d. 95 0.3 0.90

Table -1.7: Comparison ofgeochemical Statistics with previous studies (Mean values; unit in

j.1g/g)

Waste- Lithogeochemistry SRK (1993) Cameco (1997) This study
rock Database (1986)

materials Ni As U308 Ni As U308 Ni As U308 Ni As U308

Basement

rock 270 305 84 290 30 23 149 89 77 240 n 17

Sand 6 16 6 107 89 15 421 37 6

Sandstone 26 31 5 9 16 8 90 12 18 421 37 6

Comparisons of Ni, As, and U profiles were made between the current study and an

earlier study by Cameco (CAMECO, 1997). The comparative data are presented in

semi-log plots in Figure 4.18. These profiles were not similar, implying heterogeneity of

these two set of waste-rock core samples. It is noted that although the core samples of

both studies were collected at the same study site, the sampling point of the 1997 study

was at least 10 meter away from the sampling point of this study.
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was much higher than the original Ni content in 1997. Therefore, the difference in the

Ni in the sandstone layer was attributed to heterogeneity of these materials.

4.8 Operational characterization of metals in the waste-rock pile

4.8.1 Sequential extraction (Tessier, 1979)

The potential release of trace metals (Ni, As, and U) from U-mine waste rock pile

materials was estimated by a commonly used sequential extraction procedure of Tessier

et al., (1979). Measurement of metal speciation by sequential extraction procedures

despite known limitations does provide insight into potential mobility that can not be

obtained by total elemental analysis alone. The distribution of trace metals among

various fractions can not necessarily reflect the association with sedimentary phases,

rather it should be considered as operationally defined by methods of extractions (Rapin

et al., 1986). It is important to note that although chemical extractions attempt to isolate

and dissolve one particular solid phase, the efficiency of chemical extraction depends on

the affinity and specificity of the extracting chemical for the target phase (Leinz et al.,

2000; Ma and Rao, 1997; Tack and Verloo, 1993). Assuming that geo-availability is

directly related to solubility, then trace-metal availability decreases in the order: water

soluble> exchangeable> carbonates> Fe-Mn oxide> organic> residual. In other

words, the mobility of trace-metals decreases as they move from non-residual to residual

fractions. In the following sections, the portioning patterns ofNi and U in investigated

waste rock pile materials are described in detail.

4.8.1.1 Nickel

The largest proportion of the total nickel was present in the residual fraction (68.33%),

although small proportions were present in other fractions (Table 4.9). The percentage of

the nickel in the residual fraction ranged from 53.95% (organic layer) to 74.58%

(background organic material). The greater percentage of nickel in the residual fraction

may reflect its high immobilization potential in the investigated waste-rock pile.
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Nickel distribution in the investigated waste rock pile varies greatly among the

investigated pile materials, depending on the type of geo-media mineralogy and their

physicochemical characteristics. The nickel present in the non-residual fractions ranged

from 26.92% (sandstone) to 46.05% (organic layer) (Table 4.9). Among the non-residual

fractions, the exchangeable fraction contained the greatest amount of nickel in all

materials except basement rock, in which nickel was maximized in Fe-Mn oxide

fraction. The nickel distribution in water-soluble and carbonate extractable fractions

were relatively low (Table 4.9), indicating the stability ofNickel in these materials. The

amount of Nickel in the organic extractable fraction ranged from 2.95% (sandstone) to

6.35% (basement rock). Thus the mobility and availability of nickel in terms of metal

leaching will not be a major environmental threat. In general, the association of nickel

(Figure 4.19) in these materials was in the decreasing order of: residual> exchangeable

> Fe-Mn oxide> organic> water soluble. Among investigated materials, basement rock

had the highest total nickel distribution. Although a significant proportion of nickel was

present in the residual fraction, the amount of nickel present in non-residual fractions

may play an important role in terms of potential mobility and geo-availability.

Table 4.9: Overall percentage extraction ofNi using the sequential extraction procedures

Ni distribution (%)

Extractable
Basement

Sand Organic Background
Fractions ISandstone layer organic material

Water soluble 1.34 1.66 2.74 1.51

Exchangeable 9.17 13.83 29.53 13.97

Carbonate 2.54 1.66 1.46 1.88

Fe-Mn oxide 12.26 6.82 6.52 2.52

Organic 6.35 2.95 5.80 5.54

Residual 68.33 73.08 53.95 74.58

Non-residual 31.67 26.92 46.05 25.42

Residual 68.33 73.08 53.95 74.58
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from figure 4.20 shows that uranium ore commonly forms at or very near the sulphide

sulphate boundary where the dissolved uranium is precipitated in the form of oxides

(Brookins 1977, 1979, 1984). However, if pyrite oxidation or acid mine drainage occurs

in the waste-rock pile, carbonate minerals may dissolve, react with uranium dioxide and

form uranyl-carbonate complexes (U02C03. U02(C03)22-, and U02(C03h+-). These

soluble uranyl-carbonate complexes may be leached through the waste-rock pile. It is

noted that although the sequential extraction did not defined any extraction step for

sulphate-bound fraction, the uranyl-sulphate complexes should also take into account

because of the domination of sulphate in the waste-rock pile. The uranyl-sulphate

complexes could have the possible form ofU02(S04), U02(S04)2-2 and U02(S04)3-4,

however these complexes will not be investigated in this study.

The observed uranium distributions in water-soluble and exchangeable fractions were

relatively low (Table 4.10) which may indicate the uranium is stable with little

dissolution of uranium fractions associated with exchangeable fractions expected under

normal environmental conditions. The amount of uranium in the Fe-Mn extractable

fraction ranged from 5.81 % (background-organic layer) to 31.52% (basement rock).

Based on these sequential extraction results, potential mobility and availability of

uranium in the DWR-39 site were in the descending order: basement rock> organic

layer> Sandstone (Figure 4.21).

Table 4.10: Overallpercentage extraction of uranium using the sequential extraction

procedures

U distribution (%)

Extractable
Basement

Sand Organic Background
Fractions ISandstone layer organic layer

Water soluble 0.51 0.57 1.27 1.38

Exchangeable 0.34 0.38 2.21 9.03

Carbonate 42.60 8.57 40.33 5.04

Fe-Mn oxide 31.52 5.97 24.94 5.81

Organic 9.48 22.85 9.87 25.37

Non-residual 84.46 38.33 78.62 46.63

Residual 15.54 61.67 21.38 53.37
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4.8.2 Modified sequential extraction (Coles 1995; Kristnamurti 1995: Dhoum

1997)

The modified sequential extraction is a nine-step extraction procedure. Assuming that

geo-availability is directly related to solubility, then trace-metal availability decreases in

the order: water soluble> exchangeable> carbonates> Fe-Mn oxide> metal-organic

complex> easily reducible metal oxide> H202 extractable organic> amorphous mineral

colloid> crystalline Fe oxide> residual. In other words, the mobility of trace-metals

decreases as they move from non-residual to residual fractions. In the following

sections, the portioning patterns of arsenic and uranium in investigated waste rock pile

materials are described in detail.

4.8.2.1 Arsenic

The largest proportion of the arsenic was present in the carbonate-bound extractable

fraction (21.10%) in the basement rock and in the residual extractable fraction (48.79%)

for the sandstone layer. The arsenic present in the basement rock is dominated in the

non-residual fraction (74.61 %). On the contrary, the arsenic present in the sandstone

layer is dominated in the residual fraction (48.79%) indicating the majority of the

arsenic is stable in this material.

In general, the association of arsenic (Figure 4.22) in the basement rock was in the

decreasing order of: carbonate-bound> metal-organic complex-bound> H202

extractable organic-bound> water extractable> amorphous mineral colloid-bound>

easily reducible metal oxide-bound> crystalline Fe oxide-bound> residual>

exchangeable. Significant proportion of arsenic was present in the non-residual fraction

may play an important role in terms of potential mobility and geo-availability.
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extractable organic-bound fraction contained a significant proportion of uranium. On the

other hand, large portion of uranium was bound to metal-organic complex-bound

extractable fraction (17.99%) and the H202 (15.32%) extractable fraction in the non

residual fractions of the sandstone layer.

The observed uranium distributions in the water-soluble and exchangeable fractions

were relatively low « 4%) in both materials (Table 4.12) which may indicate the

uranium is stable with little dissolution of uranium fractions associated with

exchangeable fractions expected under normal environmental conditions.

In general, the association of uranium (Figure 4.23) in the basement rock was in the

decreasing order of: residual> H202 extractable organic-bound> carbonate-bound>

crystalline Fe oxide-bound> amorphous mineral colloid-bound> metal-organic

complex-bound> exchangeable> easily reducible metal oxide-bound> water

extractable. The association of uranium (Figure 4.23) in the sandstone layer was in the

decreasing order of: residual> metal-organic complex-bound> H202 extractable

organic-bound> amorphous mineral colloid-bound> carbonate-bound> water

extractable> crystalline Fe oxide-bound> exchangeable> easily reducible metal oxide

bound. The greater portion of uranium in the residual fraction may reflect its high

immobilization potential in the basement rock sandstone samples.

The observed difference in the Tessier's methods and the modified sequential extraction

results may be attributed to high heterogeneities among investigated geo-media

(Different samples were used for both extractions). Although, samples used in both

methods were from the same bore-hole (DWR-39), samples selected for the Tessier's

sequential extraction were composite samples prepared from individual media

containing multiple sub-samples in each basement rock and sandstone materials. On the

other contrary, the samples used in the modified sequential extraction were from distinct

sub-samples selected with relatively high concentration of nickel, arsenic, and uranium.

Furthermore, the pitfall of using composite sample in section 4.8.1 may have the effect

of dilution of the metal distributions in each extractable fraction.
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Table ..f. 13: DfVR-39 Summary of the reactive-extraction result of the waste-rock samples

Number Metal assay (ug/g)
of Statistic As (LDL

= 0.001

Waste-rock materials samples parameter Ni ug/g) U

Basement rock 24 Min 6.14 0.64 0.21

Max 22.79 490.24 18.24

Mean 11.95 46.88 5.43

s.d. 5.32 107.24 5.13

Sandstone 26 Min 20.00 0.36 0.04

Max 40.00 7.81 0.82

Mean 30.65 2.42 0.27

s.d. 5.69 2.05 0.18

Original Lake Sediment 2 Min 41.16 1.04 0.38

Max 43.56 2.94 0.62

Mean 42.36 1.99 0.50

s.d. 1.69 1.35 0.17

Overburden Sand 8 Min 19.69 0.24 0.04

Max 38.89 1.28 1.39

Mean 27.77 0.71 0.43

s.d. 7.83 0.36 0.46

*

Only one sample of the original lake sediment was submitted to the nickel analysis due to lost

in sample

The reactive extraction and the non-residual sequential extraction results were compared

in Table 4.14. The sequential-extraction results were based on the sum of non residual

fractions: water soluble, exchangeable, carbonate, Fe-Mn oxide. Comparison of these

two sets of experimental data showed poor similarity which could be possibly due to the

following factors listed below:

(l) The observed difference in reactive fraction and sequential extraction results may

be attributed to high heterogeneities among investigated geo-media (Different

samples were used for both extractions). Although, samples used in both methods

were from the same bore-hole (DWR-39), samples selected for sequential

extraction were composite samples prepared from individual media containing

multiple sub-samples in each basement rock, sandstone, and organic layer. On the

other hand, the reactive extraction method used a complete profile of the sub

samples.
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(2) The sequential extraction is a multi-step extraction procedure. As such, errors

generated from the experimental and instrumental errors are compounded.

Table ,/.1,/: Comparison ofresults of the reactive extraction and the sequential extraction

Leaching methods

Sequential extraction
*

(lJg/g) Reactive extraction (ug/g)

Waste-rock materials Ni As U Ni As U

Basement rock 20.48 4.38 11.95 46.88 5.43

Sandstone 7.23 0.81 30.65 2.42 0.27

Original Lake Sediment 17.16 3.53 42.36 1.99 0.50

*
Sum ofwater soluble. exchangeable, carbonate. Fe-Mn oxide fractions

4.8.4 Unsaturated short-term leaching test (under field moisture conditions)

Characterization of the waste constituent leaching behavior is a crucial step in the

environmental assessment of waste-rock disposal scenarios. Therefore, the use of

equilibrium-based leaching tests has been proposed to provide an integrated assessment

of leaching processes from waste rock pile materials.

Detailed profiles of the unsaturated short-term leaching (USTL) test results of nickel,

arsenic and uranium are presented in Figure 4.25 and Table 4.15. In general, the vertical

profiles of nickel and uranium were evenly distributed except peaks were found in

specific locations in each of the profiles. In the nickel profile, well-defined peaks were

observed at 3 m (0.80 ug/g), 14 m (0.09 ug/g) and 25.94 m (0.18 ug/g) (in the organic

layer). In the uranium profile, defined peaks were observed at 2 m (0.070 ug/g), 9.5 m

(0.08 ug/g), 22 m (0.02 ug/g), and 26.3 m (0.01 ug/g) .. The mean concentrations of

nickel in the basement rock, sandstone, and overburden sand were 0.102 ug/g (s.d.
=

0.262 ug/g), 0.022 ug/g (s.d.
= 0.032 ug/g), and 0.054 ug/g (s.d.

= 0.083 ug/g),

respectively. The nickel concentration at the organic layer was 0.145 ug/g,

Uranium concentrations from 28 to 33 m were below the detection limit «0.001 ug/g).

In the arsenic profile, a rapid decrease in concentration (0.01 to <0.001 ug/g) occurred

from 0.25 to 8 m followed with a well-defined peak at 9.5 m (0.06 ug/g). Another peak
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Table ..1.]5: Summary of the unsaturated short-term leaching test results

Number of Statistic Metal assay (ug/g) (LDL = 0.001 ug/g)

Waste-rock materials samples parameter Ni As U

Basement rock I I Min <0.001 <0.001 <0.001

Max 0.877 0.056 0.079

Mean 0.102 0.008 0.020

s.d. 0.262 0.017 0.028

Sandstone 13 Min <0.001 <0.001 <0.001

Max 0.092 0.011 0.014

Mean 0.022 0.002 0.002

s.d. 0.032 0.003 0.004

Original Lake Sediment 0.145 0.001 0.003

Overburden Sand 4 Min 0.003 <0.001 <0.001

Max 0.178 <0.001 0.009

Mean 0.054 <0.001 0.003

s.d. 0.083 <0.001 0.005

4.8.5 Long-term leaching test

Results of the long-term leaching (LTL) test of nickel, arsenic and uranium are

summarized in Tables 4.16, 4.17, and 4.18, respectively. The mean concentrations of

nickel, arsenic, and uranium as a function of time are presented in Figures 4.26, 4.27,

and 4.28, respectively.

During the 187-day period, the accumulated nickel concentrations increased from 1.58

ug/g (n
=

12; s.d. = 4.98 /-lg/g) to 16.56 ug/g (n
= 12; s.d. = 54.18 ug/g) for the basement

rock, 17.59 ug/g (n
=

13; s.d. = 60.85 ug/g) to 90.47 /-lg/g (n
= 13; s.d. = 243.01 ug/g; %

increase =

80.6%) for the sandstone, 0.25 to 4.42 ug/g (% increase =

94.4%) for the

original lake sediment, and 0.11 ug/g (n
= 4; s.d. ==

0.06) to 1.08 ug/g (n
=

4; s.d. = 1.04

/-lg/g) for the overburden sand.

The accumulated arsenic concentrations increased from 0.23 ug/g (n
=

12; s.d. = 0.56

ug/g) to 3.26 ug/g (n
=

12; s.d. = 7.16 ug/g) for the basement rock, 0.006 ug/g (n
=

13;

s.d. = 0.007 ug/g) to 0.16 ug/g (n=13; s.d. = 0.23 ug/g) for the sandstone, 0.003 to 1.04

ug/g for the original lake sediment, and 0.003 to 0.054 ug/g (n
= 4; s.d. = 0.015 ug/g)
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for the overburden sand. It is noted that the reported arsenic concentrations of 0.003

ug/g indicated samples were at or below the detection limits.

The accumulated uranium concentrations increased from 0.03 ug/g (n=12; s.d. = 0.07

ug/g) to 0.55 ug/g (n
= 12; s.d. = 1.12 ug/g) for the basement rock, 0.01 ug/g to 0.18

ug/g (n
=

13; s.d. = 0.05 ug/g) for the sandstone. 0.05 to 0.48 ug/g (% increase =

90.5%)

for the original lake sediment, and 0.01 ug/g (n
=

4; s.d. = 0.01 )lg/g) to 0.21 ug/g (n
=

4; s.d. = 0.08 ug/g; % increase =

93.4%) for the overburden sand. It is noted that the

reported uranium concentrations of 0.01 )lg/g indicated samples were at or below the

detection limits.

The standard deviations of nickel and arsenic in the basement rock and the sandstone

materials were greater than their observed mean values reflecting high heterogeneity of

nickel concentration in the waste-rock pile. The standard deviations of uranium were

greater than the mean values in the basement rock and were less than the mean values in

sandstone materials. These experimental data clearly showed high degree of

heterogeneity of uranium and it remained more significant in the basement rock than in

the sandstone materials.

In general, the observed nickel, arsenic and uranium concentrations were greater in the

basement rock than in the sandstone. These phenomena were similar to the results

presented in the total-metal assay and reactive extraction.

The increases in percentage of nickel, arsenic, and uranium leached during 187 -day

period were generally greater than 90% except nickel concentrations in the basement

rock (80.8%). The observed leachability of these metal concentrations may be the result

of diffusion, dissolution, and reaction kinetics in the long-term leaching process, and

may have a significant effect of increasing the concentration in pore water present in the

waste-rock pile if the pore water has a longer retention time.
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Beak International Inc. (2000) conducted large column tests (20 kg per column) to

assess arsenic release rates to predict its porewater concentration over time in

subaqueous and anoxic conditions. Results of these column tests showed that arsenic

concentrations increased rapidly over the first 6 to 15 weeks of testing followed by

slowly rising values thereafter. A similar trend was observed in this study whereby the

arsenic concentrations increased rapidly over the first 2 days followed by slowly rising

values thereafter for all DWR-39 samples. The pH values in the Beak column tests

ranged from 7.2 to 7.7 over time, which was also similar to the pH value reported in the

basement rock (7.2 to 7.3) of this waste-rock study.

Table 4. J 6: Summary ofnickel concentrations in the Long-term leaching tests

Waste-rock material Ni (�g/g) (LDL=O.OOI)

# samples # days Min. Max. Mean s.d. % increase

Basement rock 12 1 0.002 17.36 1.58 4.98

2 0.009 55.64 4.96 15.97 68.2

9 0.030 109.55 9.69 31.46 83.7

187 0.053 188.57 16.56 54.18 90.5

Sandstone 13 1 0.002 210.61 17.59 60.85

2 0.034 421.28 45.13 121.67 61.0

9 0.103 631.98 67.81 182.32 74.1

187 0.177 842.69 90.69 243.01 80.6

Original lake

sediment 1 0.250

2 1.050

9 2.442

187 4.417

Overburden sand 4 0.057 0.195 0.106 0.061

2 0.180 0.680 0.316 0.243

9 0.319 1.510 0.644 0.578

187 0.494 2.636 1.080 1.039

76.6

89.9

94.4

66.5

83.6

90.2
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Table -1.17: Summary ofarsenic concentrations of the Long-term leaching tests

Waste-rock material As (�g/g) (LDL=0.003)

# samples # days Min. Max. Mean s.d. % increase

Basement rock 12 1 0.003 1.970 0.234 0.557

2 0.008 5.542 0.696 1.557 66.3

9 0.025 13.230 1.686 3.711 86.1

187 0.055 25.572 3.262 7.160 92.8

Sandstone 13 0.003 0.029 0.006 0.007

2 0.010 0.196 0.038 0.054 85.3

9 0.021 0.480 0.086 0.134 93.5

187 0.038 0.799 0.156 0.230 96.4

Original lake sediment 0.003

2 0.028 89.4

9 0.063 95.2

187 0.104 97.1

Overburden sand 4 0.003 0.003 0.003 0

2 0.010 0.014 0.013 0.002 76.3

9 0.021 0.029 0.026 0.003 88.4

187 0.040 0.068 0.054 0.015 94.4

Table -1.18: Summary ofuranium concentrations of the Long-term leaching tests

Waste-rock material U (�g/g) (LDL
=

0.01)

# samples # days Min. Max. Mean s.d. % increase

Basement rock 12 1 0.010 0.255 0.031 0.071

2 0.032 0.678 0.087 0.186 64.4

9 0.066 1.137 0.170 0.306 81.8

187 0.112 4.104 0.553 1.136 94.4

Sandstone 13 0.010 0.010 0.010

2 0.010 0.010 0.010

9 0.084 0.156 0.102 0.025 90.2

187 0.148 0.292 0.183 0.049 94.5

Original lake sediment 1 0.045

2 0.144 68.8

9 0.297 84.8

187 0.474 90.5

Overburden sand 4 0.010 0.025 0.014 0.008

2 0.032 0.080 0.044 0.024 68.8

9 0.072 0.189 0.121 0.049 88.6

187 0.124 0.310 0.210 0.077 93.4
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Measurements of pH were taken at the beginning and at the end of the leaching tests are

summarized in Table 4.19. The observed pH changes in all sub-samples were generally

less than 0.5. The relatively small decrease in pH in the basement rock may be due to its

large buffering capacity and neutralizing effect of the deionized water. The pH value of

the deionized water used in this experiment was approximately 7. where the initial

leachate of the basement rock was slight basic and the initial leachates of the other

materials were slight acidic. The addition of the deionized water at each sampling point

(refer to Chapter 3.2.5.4), therefore may slightly alter the pH of the leachates.

Table 4.19: Summary of the pH measurement of the waste-rock materials

Number pH measurements

of Statistic

Waste-rock materials
samples parameter Day 1 Day 187 Difference

Basement rock 12 Min 5.2 4.6

Max 8.1 8.3

Mean 7.3 7.2 0.1 t

s.d. 0.9 1.0

Sandstone 13 Min 4.5 5.1

Max 6.7 6.9

Mean 5.5 6.0 004 t

s.d. 0.5 0.5

Original lake sediment 5.0 SA OAt

Overburden sand 4 Min 5.2 5.6

Max 6.6 6.8

Mean 6.1 6.3 0.2 t

s.d. 0.6 0.5
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The nickel and arsenic concentrations from the long-term leaching test for all samples in

day one and day 187 are compared and presented as cross plots in Figures 4.29 and 4.30.

A linear regression equation was fitted to these data points and the R-square coefficient

was found to be 0.68 and 0.92. respectively. It is noted that the majority of the uranium

concentration in day one of the long-term leaching data set was below the detection limit.

therefore no comparison was made.

The results compared in Figure 4.29 show the correlation of 1 ug/g of nickel leachate

produces in day one equivalent to 2.74 ug/g of nickel leachate produces in day 187. The

increase in concentration illustrates the effect of reaction kinetics, diffusion, and

dissolution process.

100
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Figure 4.29: Comparison ofnickel results of the long term leaching test at time = 1 day and time

= 187 days

In Figure 4.30, the compared results of arsenic show the correlation of that if 1 ug/g of

arsenic leachate is produced in day one equivalent to 4.61 ug/g of arsenic leachate

produces in day 187. Compared the nickel and the arsenic results in day 187, more

arsenic was leached to the solution than nickel.
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The results of nickel and arsenic profiles of the long-term leaching test (LTL) in day one

were also compared with the test results in the unsaturated short-term leaching (USTL).

These comparisons are presented as cross plots in Figures 4.31 and 4.32. Linear

regression showed the R-square coefficient was found to be 0.14 (nickel) and 0.92

(arsenic) which show poor correlation between the long-term leaching test and the

unsaturated short-term leaching.
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4.9 Groundwater chemistry

Monitoring of groundwater quality below DWR-39 and the natural sites (DWR-7, 8, and

9 adjacent to the DWR pile) was conducted from June 1996 to May 2001. These results

are presented in Figure 4.33 and Table 4.20. The major constituents of dissolved salts

(e.g. Ca, Na, CL and S04) are generally low compared to ARD from some waste-rock

piles (Table 4.21). In general, the pH values (see Figure 4.33 b) of the groundwater

ranged from 4.1 and 4.5, whereas the pH value at the natural groundwater ranged from

5.8 to 7.3.

Sulphate concentrations (Figure 4.33 c) in the groundwater below DWR-39 had elevated

in the range from 664 to 991 mg/L. The sulphate concentrations at the natural

groundwater (DWR-7, 8, and 9) remained below 20 mg/L. The natural site DWR-7. 8,

and 9 were located farther away from the Deilmann pit than DWR-39 (Figure 4.3). As the

groundwater flows towards the pit, the elevated sulphate concentrations in the

groundwater below DWR-39 was likely influenced by the sulphate loading from the pile

rather than from the surrounding natural groundwater.

Elevated chloride concentrations were measured in the groundwater below DWR-39,

ranging from 6.4 to 7.4 mg/L. The chloride concentrations in the natural groundwater

were less than 1 mg/L.

Nickel concentrations (Figure 4.33 e) in the groundwater below DWR-39 showed

elevated concentration compared to the natural sites (0.005 to 0.030 mg/L). The elevated

Ni concentrations decreased from 42.0 to 18.7 mg/L with time. This decrease may be due

to the dilution effect caused by the global increase in water levels in the groundwater

below the Deilmann waste-rock pile.

The arsenic concentrations (Figure 4.33 f) in the groundwater at DWR-39 were steady

and typically less than the detection limit «0.0005 mg/L). These concentrations were

similar to concentrations found in the natural groundwater piezometers.
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The uranium concentrations (Figure 4.33 g) in the piezometer below DWR-39 was

slightly elevated from 439 to 491 ug/L On the other hand, the uranium concentrations at

the natural sites showed no elevation and remained at the detection limit level (2 ug/L),

Table ,,/.20: Summary of the groundwater quality of the DWR39 site from June 96 to May 01

Analyte Units Detection Limit Min. Mean Max. s.d.

Ca mg/L 0.005 27.5 114.3 160.0 35.7

CI mg/L 0.100 4.3 6.7 7.4 0.8

K mg/L 0.005 3.3 6.1 9.2 1.8

Mg mg/L 0.005 13.1 44.9 67.0 14.5

Na mg/L 0.005 5.1 13.1 25.4 4.8

S04 mg/L 0.1 364.0 783.7 991.0 166.6

As mg/L 0.0005 0.0005 0.0007 0.0024 0.0006

Ni mg/L 0.005 18.7 47.8 110.0 24.1

U Ilg/L 2 384 543 952 164

S.Cond. Umoh 1139 1302 1604 147

pH Units 0.1 4.0 4.2 4.5 0.1

Table ,,/.21: Comparison ofchemical composition ofKey Lake and other ARD waste-rockpile

(mglL) White's dump, S.W. dump, E. dump, Mt. DWR-39,

Rum Jungle* Aitik Sweden* Washington, Key Lake, Canada

Canada**

Ca 428 98 116 114

Mg 7460 11 45

S04 34000 640 500 784

H 3.4 3.8 4.1 4.2

*
from (Ritchie, 1994)

**
from (Kwong & Ferguson, 1990)

4.10 In situ pore water geochemistry

4.10.1 Standpipe lysimeter

The main function of the standpipe lysimeters was to measure the in-situ soil suction in

the waste-rock piles. Because the saturated silica flour in the lysimeter has a low value of

hydraulic conductivity (6.0 x 10-7 to 6.0 X 10-5 cmls). Sampling pore water through the

saturated silica flour is time consuming and the chemical analysis obtained from the

standpipe lysimeter may not represent the in situ pore-water chemistry of the waste-rock
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pile. Therefore. a vacuum system including a ceramic tube was attached to the standpipe

lysimeter to bypass the 3-meter column of the saturated silica flour (refer to Appendix

1.6.1.3 for detailed construction and operation).

The first attempt at pore water sampling using the vacuum-bypass system was on May

4th. 2001. Negative pressure was applied to the bypass system using a hand pump.

However, the vacuum-bypass system failed to maintain the negative pressure for seven of

the standpipe lysimeters and failed to collect pore water. The second attempt at using the

vacuum-bypass system was on September s", 2001. All check valves attached to the by

pass system of all standpipe lysimeters were replaced with new ones to reduce the

possibility of air leakage due to bad fitting connections. Unfortunately, the vacuum

bypass system again failed to respond to the applied negative pressure.

The followings are the possible explanations for the failure of the vacuum-bypass system:

1. During the installation, the silica flour might have slowly spread into the surrounding

waste rock through the mesh material (which was used to contain the silica flour). As

a result, the ceramic tube might not be fully embedded in the zone of saturated silica

flour.

2. Voids and fractures might exist between the saturated silica flour and the ceramic

tubes. Thereby showing air leaks in the vacuum-bypass system.

3. Expansion of the saturated silica flour at the freezing conditions might damage the

ceramic tube.

Rowlett (2000) states that if the lysimeter (saturated silica flour) does not develop a

contact between itself and the surrounding waste rock, pore water sample cannot be

collected.
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5.0 Summary and Conclusions

The potential exists for soil and water contamination from uranium mine waste-rock piles

because the mine wastes are often rich in heavy metals, metalloids and radionuclides. The

objective of this study was to characterize the vertical distribution of selected

contaminants (i.e .. Ni, As, and U) and their leaching behavior in the Deilmann North

waste-rock pile at the Key Lake uranium mine site.

Based on detailed geologic logging at the study site, the waste-rock pile consists of a

basement-gneissic layer (12 meter) underlain by a sandstone layer (13 meter). A thin

layer with high organic content was encountered below the sandstone layer and was

identified as the original lake sediments. The interface between the sandstone and

basement rock was poorly defined. The texture of the sandstone core was much finer than

that of the basement rock. Small pieces of sandstone with a diameter ranged from 50 mm

to 150 mm were occasionally found within the sand. The layer of lake sediments was

clearly defined and identified by its organic odor and decomposed-plant material.

The volumetric moisture contents of the core samples (converted from gravimetric

contents using the dry bulk density of 1.54 g/cnr') were compared to those measured and

correlated in neutron data, higher moisture contents were generally found in the neutron

data. This difference may be attributed, in part, to evaporation of the water from the core

samples as a result of heating of the core tube and samples during drilling. Water may

have also condensed onto the inner surface of the zip-lock bags after sampling.

The moisture-content values (obtained from the neutron data) and soil-suction data

(obtained from the standpipe lysimeters) were cross-plotted and superimposed on four

different SWCC curves measured in the laboratory for the DWR basement rock and 3

outwash-sand samples from DSWR with densities. All the cross-plotted data showed that
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the soils were at residual water contents, suggesting that the waste-rock pile was well

drained.

A spreadsheet based on the Darcy's Law was constructed to model the water recoveries

and to estimate the hydraulic conductivity of saturated silica flour (KSSF) in the standpipe

lysimeters. The estimated duration of pore-water recoveries (to reach steady state) ranged

from 21 to 1230 days. The KSSF values found in the modeling agreed with the values from

the literature.

The recovery data of some of the shallow lysimeters (5 to 10 meters) showed that cold

weather was the limiting factor for the standpipe lysimeter activities. The cold

temperatures converted water to ice in the shallow standpipe lysimeters and inhibited

their function.

In elemental analyses, total-carbon and sulphur contents from DWR-39 samples were

lower than those reported in the literature. The original lake sediments had the highest

organic-carbon content indicating the presence of organic-rich sediment. In the basement

rocks, pyritic sulphide was the dominant source of sulphate production. The vertical

concentration profile of sulphate suggested that it has undergone downward migration

from basement rock to the sandstone.

In the groundwater below DWR-39, elevated sulphate concentration was observed and

this may originate from oxidation reactions in the basement materials of the waste-rock

pile. Other elevated metals (Ni and U) in groundwater may also have originated from

oxidation reaction in the basement materials.

The distribution ofNi, As, and U was characterized through the waste-rock pile. A

comparison of the high resolution depth profiles ofNi, As, and U concentrations through

the waste-rock pile collected in 1997 and 2000 proved inconclusive for verifying

downward leaching to the water table.
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Sequential extraction analyses showed that 75% ofNi was bound to the residual phase,

40% ofU was bound to carbonate phase, �25% As in carbonate, Fe-Mn, and residual.

These data suggest that the vast majority of Ni, As, and U are not mobile in the pile.

The vertical profiles of nickel, arsenic, and uranium in the unsaturated short-term were

generally greater in the basement rock than in the sandstone. The comparison of metal

leaching results as a function of time, showed an increase of90.5 % of nickel, 92.8 % of

arsenic, and 94.4% of uranium after 187 days of equilibrium over 1 day contact time,

which suggested that the effect of reaction kinetics, diffusion, and dissolution were taken

place in the atmospheric leaching process.

The lack of consistency between the groundwater chemistry immediately underlying the

test site and the sequential extraction and the profiles of total metal assays may be

attributed to the integrating effect (i.e. lateral mixing) of groundwater sample, and the

heterogeneity of the basement rock in the waste-rock pile. Alternately, the groundwater

chemistry immediately below the study site may not be the result of reactions in the waste

rock immediately above it.
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6.0 Suggestions for Future Research

Additional analyses are required to determine water balance at the surface of the pile.

Once the water balance at ground surface is known, water fluxes through the pile can be

determined by coupling water balance data with the moisture content data collected in

this thesis. These data could then be used to determine the fluxes of trace metals and

metalloids to the water table knowing the geochemical reactions controlling element

solubility.

The groundwater chemistry from piezometers underlying the waste-rock pile and

proximal to the pile for Ni, As, and U (Especially As) should be interpreted further

because it may confirm downward movement of these metals in the pile.

A total metal assay profile from solid samples collected from the study site (2004) should

be considered to provide improved insight into metal leaching in the pile.

The methods presented in this study are based on both laboratory and field approaches.

However, due to the operation failure of some instrumentation (i.e., standpipe lysimeters

and tank lysimeter), the study focused on solid analyses of the waste-rock materials. The

following recommendations may be useful to consider in future applications to improve

and correct the operation difficulties of the field instrumentation, whereas other

implications are also noted for further study.

The vacuum-bypass system of the standpipe lysimeters failed to maintain negative

pressure which disallowed the collection of in situ porewater samples. To improve the

air-leak issue in the by-pass system, the following are the implications for further

research:
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1. replace the ceramic tube by a 1" (25.4 mm) porous-plastic tube may avoid damages

caused by the expansion of the saturated silica flour at cold temperature.

2. create and consolidate the saturated silica flour (intake zone) contained by a 2" (50.8

mm) porous-plastic tube before installing into the bore hole. This will maintain the

integrity of the intake zone and the contact between the saturated silica flour and the

1" (25.4 mm) porous-plastic tube.

3. add anti-freeze reagent to the saturated silica flour may prevent the formation of ice

at cold temperature.

The accuracy and reliability of the soil-suction measurement remains uncertain because

there was no other soil-suction instrumentation installed in the same pile as a reference. I

recommend that tensiometers be installed near the location of lysimeters to test the

accuracy of the standpipe lysimeters.

The monitoring work for water recoveries in the standpipe lysimeters was time

consuming and labor ineffective. The design of and install of a pressure transducer

system that attaches to a data logger in the standpipe lysimeters should provide

continuous and accurate recovery data.
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Appendix A Literature review

A 1.1 Overview of weathering in waste-rock piles

The weathering of waste-rock piles usually starts with the oxidation of sulphide minerals

(e.g. pyrite and pyrrhotite). Sulphide-mineral oxidation produces sulphuric acid that may

be neutralized by surrounding gangue materials if carbonates minerals (e.g. calcite and

dolomite) are present. Sulphate is also a product of sulphide-mineral oxidation. Calcium

released from the dissolution of carbonates may react with the sulphate and form

gypsum. The acid-buffering process continues until the carbonate minerals are

completely consumed. Excess acid produced at the oxidation site migrates away by the

movement of pore water within the waste-rock pile and may interact with more

carbonates minerals. The acid-buffering process may last years to tens of years with

pore-water pH values remain near neutral within the pile. The pore-water pH values

may start decreasing once carbonate minerals are not available and pore-water

movement further enhances the migration of acid in the pile. This later stage of

weathering process produces what is commonly referred to as acid mine drainage

(AMD). In this acidic environment, metals bonded with the minerals produced by pyrite

oxidation start to re-dissolve in a process referred to as metal leaching (ML). The

following chemical reactions describe the oxidation of pyrite (FeS2) in an AMD

environment (Stumm and Morgan, 1995; Ritchie, 1994).

(Eq. A-Ol)

(Eq. A-02)

Combining equations (A-01 and -02) yields equation (A-03)

(Eq. A-03)
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The bacteria in (Eq.A-02) are site-specific strains of Thiobacillus ferrooxidans and serve

as an oxidizing agent (Fe (II) to Fe (III)) that utilizes sulphur as an energy source

(Brierley, 1978). When the pH is between 2.S and 3.0, ferric iron (Fe (III)) can act as an

oxidant. This strong oxidizing agent promotes dissolution of heavy metal sulphide

minerals, including lead, copper, zinc, and cadmium. The general reaction is as follows:

(pH<3) (Eq A-04)

(pH>3) (Eq.A-OS)

where MS is the heavy-metal sulphide and Mn+ is a heavy-metal ion in aqueous phase. It

is by these processes that heavy metals may be mobilized in waste-rock piles. In

addition, many metallic elements are often present at trace levels within pyrite and

pyrrhotite. Oxidation of these minerals can also release and mobilize these trace

elements.

The specific phase relations in the simple system Fe-C-O-H on an Eh and pH diagram

are presented in Figure A-Ol (Brookins, 1988). Ferric ion loses its oxidizing power

when pH is greater than 3 because ferric ion hydrolyzes and forms insoluble ferric

hydroxide (Eq. A-S). At pH between 6.8 and 9.4, ferrous ion (Fe2+) forms an insoluble

salt with carbonates (dissolution of carbonate minerals in the acid-buffering process).

The Eh and pH diagram provide the speciation of iron in an aqueous environment. The

Eh and pH are independent and control the form in which an element exists. The form or

species of an element affects its solubility and mobility in subsurface environments.
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Figure A-OJ: Eh-pH diagram for the iron species in a Fe-C-O-H system (assuming activities of

dissolved species are Fe=JO-6• C=JO-3) (Brookins, J988)

The dissolution of metals depends on the solubility of the metal salts. The solubility of

metal salts varies with temperature, activities of ions, and pH. pH is a measurement scale

of the concentration of protons (H+ or H30+) in a solution and is defined as the negative

log of the activity of protons. Activity is defined as the product of the molar

concentration of protons (mollL) and an activity coefficient (Harris, 1995). The activity

coefficient of an aqueous species is dependent upon the concentration and the ionic

strength in the solution and is usually less than 1. An increase in the pH of a solution

corresponds to an increase in ionic strength and decrease in the activity of protons.

Metal salts generally dissolve more readily in solutions with lower pH values. Figure A-

02 (Loughnan, 1696) shows the increased solubility of several metal salts at lower pH

values.
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A 1.2 Important minerals in the waste-rock piles

As previously discussed, pyrite oxidation is a major process in the weathering of waste

rock piles. However, pyrite oxidation is not the major environmental concern in waste

rock piles. The dissolution of secondary minerals and the release of heavy metals which

eventually enter the ground water is the main concern. Alpers (1994) has categorized the

secondary minerals into five groups: 1) sulphates, 2) metal oxide and hydroxides, 3)

carbonates, 4) secondary sulphides, and 5) miscellaneous minerals including arsenates,

phosphates, and halides.

A 1.2.1 Sulphates

Iron sulphates are the most abundant and soluble sulphate minerals in waste-rock piles

(Alpers et al., 1994). Most of the ferrous and ferric irons are soluble in water. At pH less

than 3, ferric iron is the dominant oxidant of pyrite (Nordstrom, 1982). All soluble iron

sulphates are hydrous compounds and the common mineral is melanterite

(FeIIS04.7H20). Many metal ions such as: Mg2+, Zn2+, ci+, Ni3+, Cu2+, AI3+, and Na+

can form soluble sulphate minerals.
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Hydroxy-iron-sulphate is another sulphate group. relatively less soluble in water. The

most common mineral group is alunite-jarosite (AB33\S04h(OH)6). where the A site is

filled by monovalvent K, Na, H30. NH4, Ag, or Y2 Pb: 8 site is filled by trivalent Fe or

AI. The common minerals are jarosite (KFe3I1I(S04h(OH)6) and alunite

(KAb(S04h(OH)6). Alkali-earth elements also form poorly soluble to insoluble sulphate

minerals. The most notoriously insoluble mineral of this type is 8arite (8aS04).

Insoluble metal sulphates such as PbS04 and RaS04 provide an important mechanism

for the attenuation of lead and radium in waste-rock piles. respectively (Blowes et al.,

1991; Landa. 1980; Langmuir and Melchior, 1985)

A 1.2.2 Metal oxides and hydroxides

The most common metal oxides and hydroxides found in the secondary minerals are

ferric iron and aluminum. Both ferric iron and aluminum ions are trivalent and have

similar ionic radii. They form minerals that are similar in structure and composition. An

important reactivity difference between these ions is due to the pH, at which hydrolysis

occurs. The hydrolysis reactions of aluminum and ferric iron can be written as

(Eq. A-06)

(Eq. A-07)

respectively. The mass laws corresponding to (Eq. A-06 and A-07) are:

[AIOH2+][H+] 0

K':'I '-06
==

�

== 5.0 at 25 C and 1 bar
• -t

[AI-+]
(Eq. A-08)

[FeOH2+ ][H+] 0

K,: '-07
=

3

= 2.2 at 25 C and 1 bar
-'I·'

[Fe +]
(Eq. A-09)

The hydrolysis of aluminum (Eq. A-06) has a log KEq.A-06 of -S.O at 2SoC (Eq. A-08). 1

bar (Nordstrom and May, 1989). For ferric iron (Eq. A-07), it has a log KEq.A-07 of -2.2 at

standard conditions (Nordstrom et al., 1990) (Eq. A-09). At equal activities of Al(OH2+)

and At3+, pH
=

-log KEqA-06
= 5.0 and pH

=

-log KEq.A-07
= 2.2 for equal activities of
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Fe(OH2+) and Fe3+. The most common ferric iron oxides are hematite (a-Fe203),

maghemite (�-Fe203), and magnetite (FeO.Fe203); iron hydroxides are goethite (a

FeO(OH)), feroxyhyte W-FeO(OH)), and ferrihydrite (Fe5H08.4H20). The most

common aluminum oxides is corundum (Ah03); aluminum hydroxides are gibbsite

(Al(OH)3) and bayerite (Al(OH)J).

These iron minerals are characterized with high specific surface areas (e.g. Goethite has

a surface area from 60 to 200 mg" (Stucki et al., 1988)) and all charges are pH

dependent. The high specific surface areas enhance the adsorption of metal ions onto the

surface of the iron minerals resulting in immobilization of the metal ions. Eq. A-IO

shows the mechanisms of an iron-oxide complex change from cation to anion as a

function of increasing in pH.

OH2
+

OH2
0 OH

-

Fe/
+OH- +OH- /

A- Fe Fe c+

-, +H'" +H+ -,
OH2 OH OH

(Eq. A-IO)

An increase in the electronegativity of the iron-oxide complex also increases the

adsorption capacity of these complex surfaces for metal ions. Figure A-03 shows the

adsorption characteristics of metal ions by synthetic hematite and goethite at different

pH values (McKenzie, 1980). As pH shifts from left to right, the amount of metal

adsorptions increase.
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Figure A-03: The effect ofpll on the adsorption a/various heavy metals by synthetic hematite

and goethite. Heavy metal addition 20 Jl mol g-l Fe oxide (from McKenzie, 1980)

A 1.2.3 Carbonate minerals

The most common carbonates in waste-rock piles are: calcite (CaC03), siderite (FeC03),

dolomite (CaMg(C03)2), and ankerite (Ca(Fe,Mg)(C03)2). As mentioned earlier in the

chapter, the acid generated by pyrite oxidation can dissolved available carbonates to

produce CO2 gas by:

(Eq. A-II)

(Eq. A-12)

These carbonate minerals neutralize the acid released in the pyrite oxidation in waste

rock piles. The neutralization (Eqs. A-II and A-12) of carbonates releases alkali and

metal ions, including Ca, Mg, Fe, and Mn (Blowes and Ptacek, 1994). These cations

participate in the formation of secondary minerals such as gypsum (CaS04).

Combining equations (A-OI) and (A-II) yields the equation (A-l3):

(Eq. A-13)

In addition, combining equations (A-03, -11) yields equation (A-12):
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3+ 2+ 1-

2FeS2 + 7.S02 + CaC03 � 2Fe + Ca + 4S04- + CO2 (Eq. A-14)

Furthermore, combining equations (A-03, -OS, and -11) yields equation A-IS for a near

neutral pH solution:

FeS2 + 3.7S02 + 2CaC03 + I.SH20 � Fe(OH)3 + 2Ca2+ + 2S0/ + 2C02 (Eq, A-IS)

Based on equations (A-13, -14, and -IS), consumption of 1 mole of O2 by pyrite

oxidation with carbonate buffering may produce 0.1,0.3, or O.S moles of CO2 and

between O.S and 0.6 moles of sulphate.

A 1.2.4 Secondary sulphides

Supergene sulphides are enriched sulphides that formed near surface. Chalcocite (Cu2S),

djurleite (CU3ISI6), and ani lite (CUl.7sS) are some examples of supergene sulphides.

Diagenetic sulphides represent sulphides that have gone through chemical, physical, and

mineralogical changes when sediments are buried. The diagenetic minerals usually

formed under water therefore compounds are generally in their reduced state. The

diagenetic environment can be a favorable site for the reduction of sulphate and the

formation of secondary sulphide minerals. Some examples are amorphous FeS (FeS with

coprecipitated Zn . Mn, Cu, Ni, and As), millerite (NiS) and pyrite (FeSz).

A 1.2.5 Miscellaneous minerals: including arsenates and halides

Secondary arsenates, phosphates, and halide minerals can form naturally in oxidized

zones of in situ sulphide environments as well as weathered zones of waste-rock piles.

The most common arsenate mineral is scorodite (FeIIIAs04.2HzO). Another common

group of arsenate minerals is the beudantite group (PbFe31I1(As04)(S04)(OH)6), An

additional arsenate group (AsOl-) distinguishes beudantite from the alunite-jarosite

group (AB33+(S04)2(OH)6) discussed in Section 2.2.1. Substitution of the arsenate ion by

the sulphate creates a charge imbalance and is. satisfied by the presence of Pb.

102



Supergene halides have been used as an indicator of surface-weathering product of

sulfide ores. Halide minerals are very soluble, except for chlorargyrite (Ag(CLBrJ)),

they tend to persevere only in extremely dry climates.

A 1.3 Phenomena of metal loading in waste-rock pile

There are two primary mechanisms for the generation of contaminated drainage from

waste rock (Saskatchewan Environment and Public Safety, 1992)

(1) Flushing and leaching of readily soluble metals and contaminants under neutral or

close to neutral pH conditions; and

(2) Chemical oxidation and acid generation resulting in the release of metals and

contaminants and subsequent leaching under acidic conditions.

Figure A-04 shows the schematic of flushing of contaminants from waste rock over

time. Curve A represents metal leaching with an initial peak loading, followed by a

decreasing load as the contaminants along the drainage flowpaths are flushed. At the

peak-loading period, the quality of the drainage water must be closely monitored

(particularly sulphates, acidity and pH values), as there may be some release of stored

oxidation products. The peak-loading period may last for several weeks to years,

depending on climate, infiltration, flushing regime and soluble metal load. Curve B

represents the release of acid rock drainage (ARD). The oxidation processes develop

over time, and the lag to acid production may be weeks or years, depending on the NP.

Curve C represents the contaminant load with both leaching and ARD. In the early

stages of flushing, more readily soluble constituents of contaminants will be expected.

The drainage would probably be close to neutral with elevated Ni, As, and

radionuclides. Due to the fact that oxidation rates may increase over time, this readily

soluble load may increase as acidity, concentrations of sulphate and iron increase.

Therefore, a second contaminant loading peak would be observed as metals are released

through oxidation and acidic leaching.
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Figure A-04: Schematic ofcontaminant release from a waste-rock pile with time (Saskatchewan

Environment and Public Safety, 1992)

A 1.4 Metal leachability in waste-rock piles

Assessment of metal mobility due to weathering of waste-rock piles is an important

factor in predicting metal loadings to the groundwater. In order to determine the

mobility of metal ions in pore water, leaching tests are used to imitate different waste

rock environments in which metal-leaching behaviors may be observed and interpreted.

The following sections introduce and explain these leaching tests.

A 1.4.1 Metalleachability

Metal-leaching tests are important screening procedures used to evaluate and prioritize

waste-rock piles. The foundation of leaching tests is to evaluate the chemicaIIy reactive

material in the soluble phase due to waste-rock weathering. There is no single method to

describe metal-leaching behaviors; this is due to many complicated factors that control

the leaching of chemicals from waste rocks. Researchers have investigated these factors

and can be divided into two categories: physical and chemical factors (Van der Sloot,

1998; Yong et al., 1992). Physical factors refer to the grain size, homogeneity, hydraulic

conductivity, residence time, porosity, and geometrical shape. Chemical factors refer to

kinetics, pH, complexation with organic or inorganic chemicals, and chemical speciation

of pollutants.
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A 1.4.1.1 Physical factors

Dissolution of metals occurs at the interface between solid and liquid. The surface area

of the solid governs the thickness of that interface, which in tum is governed by the

particle size and the solid structure (Environment Canada, 1990). The finer the particle

size, the higher the amount of metals attached to the solid surface due to the increase in

surface area with respect to the decrease in volume of the particle (Peters, 1990).

Another physical factor that affects the leaching of metals is the solid-phase hydraulic

conductivity. If the hydraulic conductivity of a waste rock is low, pore water around the

waste rock will travel slower. As a result, the residence time of solid and liquid phases

increases. The increase in residence time elevates the adsorption of metals on the waste

rock and raises the metal concentrations.

A 1.4.1.2 Chemical factors

Reaction kinetics are defined as the rate of metal dissolution from waste rock, which are

a function of pH, oxidation reduction potential (ORP), and temperature. To quantify the

mass of dissolved metals to mass of metal bound to the waste rock, the reaction kinetics

must be in equilibrium. The time to reach equilibrium concentration may vary from days

to years depending on reaction types. Therefore, leaching tests may in some

circumstances under or over estimate the amount of metals released over a long period

of time.

A 1.4.2 Sequential extraction (Tessier et. AI., 1979)

Despite the rapidity and relative simplicity of a single-step extraction method (acid

digestion), it is unfavorable that a single-step extraction method (acid digestion) can

yield information regarding the extractability of trace metals present in the waste-rock

piles. Rapin et al. (1986) mentioned that direct determination of the waste-rock

component with which a metal is associated is usually improbable. This is because there

are too many solid phases that can bind a metal and the concentration of metal is low. In

addition, sample pretreatment in oxic/anoxic conditions can alter the partitioning of trace

metals within waste-rock samples (Shilts et aI., 1996).
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Unlike single-step extraction method, sequential extractions have been used commonly

for the chemical speciation of trace metals in soils and sediments and provide extra.

Tessier et al. (1979) stated that sequential extraction could provide information about the

mode of occurrence, biological availability, and mobilization of trace metals in

sediments. When applied to waste rocks, the extractions may provide information for

evaluating the short and long term effects of metal leaching on the environment.

Trace metals extracted from mineral phases in sequential extraction are operational

defined in soils and sediments (Leinz et al., 2000; Ma and Rao, 1997; Tack and Verloo,

1993). This mean that extraction procedures define each extracted phase. A procedure

that preferentially extracts metals associated with the secondary mineral in a soil sample

is often referred to a phase specific extraction (Leinz et al., 2000) It is important to note

that although chemical extractions attempts to isolate and dissolve one particular solid

phase, the efficiency of chemical extraction depends on the affinity and specificity of

extracting chemical for the target phase (Leinz et al., 2000; Ma and Rao, 1997; Tack and

Verloo, 1993).

There are various binding mechanisms of metal in the soil system. These mechanisms

include physical and chemical sorption, precipitation, chelation and complexation. It is

necessary to know how metals are bound to the soil in order to effectively understand

the metal leachability in the waste rock pile. Tessier et al. (1979) developed a sequential

extraction method including six phases: water soluble, ion exchangeable, carbonates

bound, Fe-Mn oxide bound, organic-bound, and residual.

Metal ions bound to the water soluble phase are usually complexed with anionic ligands.

These ligands include nitrates, sulphates, and hydroxides have high range of solubilities

in aqueous solutions. Solubility can be ascribed to the level of hydration and the degree

of crystallinity in the metallic complexes.

Metal ions bound to the ion exchangeable phase are referred to a non-specific

adsorption. The waste-rock cation exchange capacity (CEC) is a measure of its ability to

provide sites for non-specific adsorption. The driving forces involving in the adsorption

of ionic species at charged surfaces are electrostatic, governed by Coulomb's Law of
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attraction and repulsion. Generally, mineral with a large surface area has a high CEC

value. as is shown in the descending CEC order for the clay mineral groups:

montmorillonite and vermiculite (surface area: 700 to 800 m2 /g: CEC: 70 to 150

meq/lOOg) > illite and chlorite> kaolinite> halloysite (surface area
= 30 m2/g; CEC =

3

to 50 meq/l OOg).

Depending on climate and local conditions, carbonates may be the dominant bound

phase for some trace elements. The major control on trace element bound to the

carbonates phase is pH.

Hydrogen peroxide is used in the organic-bound phase in order to destruct completely all

organic fractions thereby releasing any bound metals associated with organic

compounds. However, there is one drawback using the peroxide in that other phases

such as sulfides, Mn oxides, and silicates can become partially dissolved and released

bound metals.

In the residual phase, aqua regia with hydrofluoric acid is used to dissolve any remaining

sulfide and oxide minerals in the waste rock. It is noteworthy that a majority of the

sulfides are released during this process.

A 1.4.3 Modified sequential extraction (Coles 1995; Kristnamurti 1995: Dhoum

1997)

A nine-step sequential extraction scheme has been developed for the multi-element

analysis of tailings by inductively coupled plasma-atomic emission spectroscopy (ICP

AES). Each of the chemical fractions is operationally defined as follows: (1) water

extractable; (2) exchangeable (3) bound to carbonates or specifically adsorbed; (4) metal

organic complex-bound; (5) easily reducible metal-oxide bound; (6) organic bound; (7)

amorphous mineral colloid-bound; (8) crystalline Fe oxide-bound; and (9) residual. The

application of the above sequential extraction method to mine tailings has illustrated

distinctive partitioning patterns of various metals from different sources of mine wastes.
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There are various mechanisms of binding labile elements in the secondary environment,

including physical and chemical sorption, precipitation, chelation and complexation.

Ultimately, it is necessary to understand how these metals are bound within the mine

tailings in order to effectively determine their behavior in mine tailings storage facilities.

The reagents utilized in the sequential extraction have been chosen on the basis of their

selectivity and specificity towards particular physicochemical forms. The method

described below has been developed to enable large batches of samples to be processed

rapidly, while maintaining acceptable accuracy and precision for process interpretation

(COLES et al., 1995). Moreover, the use of inductively coupled plasma-atomic emission

spectroscopy (ICP-AES) to analyze the extractant solutions for the elements of interest

has increased the productivity of the sequential extraction method enabling a broader

study of the geochemical associations in mine tailings (COLES et al., 1995).

Water extractable

Metallic cations complexed with anionic ligands including nitrates, sulphates, and

hydroxides exhibit a wide range of solubilities in aqueous solutions. Solubility can be

attributed to the level of hydration within the compound itself as well as the degree of

crystallinity within the precipitated compound.

Exchangeable

It is widely accepted in sequential extraction schemes to use magnesium chloride

solution (l mol dm-3) for the selective extraction of exchangeable metals. However, in

view of the stability constant of the complexes of certain metallic species with chloride

(log K NiCI(+)
=

1.98, log K NiCI2(0)
=

2.6, and log K NiCI(3-)
=

2.4), magnesium

chloride would extract these metals through complexation with chloride, in addition to

the exchangeable fraction. Considering the relatively lower stability constant of certain

metals with nitrate (log K NiN03(+)
= 0.5, log K NiN03(0)

=

0.2), magnesium nitrate

will be used in the present proposed procedure to measure the exchangeable metals

(KRISHNAMURTI et al., 1995).

Bound to carbonates or specifically adsorbed
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Selective dissolution of carbonates from mine tailings is carried out using CH3C02Na

CH3C02H solution (l mol dm-3) at pH 5.0 (KRISHNAMURTI et al.. 1995). This

method is commonly used to extract trace metals bound to carbonates and will be

adopted in the present proposed scheme.

The next step in the sequential extraction procedure is to extract the metallic species

bound to the Fe and Mn oxides followed by the removal of the organic-bound fraction.

as H202. the common organic matter oxidant used in soil chemical analysis, which also

dissolves various metal oxides. Certain metal oxides are bound to organic components

and exist as metal-organic complexes that are extracted by pyrophosphate. Little

attention has been paid to metallic species bound to metal-organic complexes in the

fractionation schemes used thus far. Hence in the present study, the metallic species

bound to metal-organic complexes will be extracted using sodium pyrophosphate,

followed by the extraction of metallic species bound to the easily-reducible metal

oxides, such as Mn, and subsequently for metallic species bound to the H202

extractable organic matter.

Metal-organic complex-bound

A solution of sodium or potassium pyrophosphate (l x 10-1 mol dm-3, at pH 10.0) was

previously proposed to be a specific reagent for the removal of Fe- and Al-organic

complexes. A solution of sodium pyrophosphate (l x 10-1 mol dm-J, at pH 10.0) will be

used in the present proposed scheme for removing the metals bound to metal-organic

complexes (HALL, 1997).

Easily reducible and metal oxide-bound

Mn oxides can be preferentially extracted from soils and sediments with a solution of

NH20H-HCI (1 x 10-1 mol dm-3) in HN03 solution (1 x 10-2 mol dm-3). This

extraction method was previously used in sequential extraction studies to extract the

metals bound to the easily reducible metal oxides such as Mn oxides and will be

incorporated in the present proposed scheme.

Organic-bound
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The destruction of organic matter is commonly achieved by using 30% H202 in mildly

acidic medium and heating in a boiling water-bath. As released metal ions tend to be

resorbed onto soil mineral components, subsequent extraction with an indifferent

electrolyte solution such as CH3C02NH4 is recommended. It was previously suggested

to oxidize the organic matter using NaOCl, in a solution adjusted to pH 9.5. Even though

the removal is said to be higher than that achieved using H202. the associated

precipitation of released metal ions in the alkaline medium and the possible alteration of

mineral constituents are major disadvantages. In the present scheme. 30% H202 will be

used for the removal of metals bound to the residual organic matter, followed by

washing with a solution of Mg(N03)2 (1 mol dm-3) to release the metallic ions sorbed

on to the tailings mineral components. The use of ammonium acetate will be avoided

considering the relatively high stability constant of the complex of metals with acetate

(log Ni(OAc)
=

1.6) (KRISHNAMURTI et al., 1995).

Amorphous mineral colloid-bound

Fe and Al oxides, including hydroxides and oxyhydroxides, present as concentrations or

as coatings on the tailings mineral components, both as amorphous and crystalline

species, are excellent scavengers of trace metals. It has been shown that sorption by

these oxides tend to control the trace metal levels in mine tailings. For total recovery of

Fe and Al present as inorganic amorphous oxides, treatment of samples with ammonium

oxalate, adjusted to pH 3 with oxalic acid, has been proposed. In the absence of light,

this reagent does not dissolve crystalline Fe oxides and was reported to be specific for

dissolving amorphous Fe oxides. Hydroxylamine hydrochloride. with acetic or nitric

acid was also shown to selectively dissolve amorphous Fe oxides. However, acidified

ammonium oxalate, in the dark, also selectively dissolves poorly crystalline

aluminosilicate mineral colloids, such as allophane and imogolite in addition to the

amorphous Fe oxides, and will be used in the present scheme.

Crystalline Fe-oxide bound

The sodium citrate-dithionite-bicarbonate (pH 7.3) reagent can be used as a suitable

reagent for removing Fe oxides prior to the studies in clay mineralogy. The dithionite
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salt is usually contaminated with metal impurities and metal ions can be lost from

solution through the formation of metal sulfides. It was shown that a solution of

ammonium oxalate (2 x 10-1 mol dm-3) extracted amounts of Fe similar to that of the

dithionite reagent and was used in Ni speciation studies. In the proposed scheme the

crystalline Fe oxide bound metals will be extracted using a solution of ammonium

oxalate (2 x 10-1 dm-3, adjusted to pH 3 with a 2 x 10-1 mol dm-3 solution of oxalic

acid) in the presence of ascorbic acid (1 x 10-1 mol dm-3).

Residual

The residual metals, which is resistant to the above successive extractions, will be

determined using the HF-HCI04 digestion method. This is a suitable step for removing

sulphide bound minerals (niccolite and gersdorffite).

A 1.4.4 Reactive Extraction

This reactive extraction method was modified from the sequential extraction (Tessier,

1979), which combined the operational defined fractions included water soluble, ion

exchangeable, carbonate bound, Fe-Mn Oxide bound fractions into a reactive extractable

fraction. This method was developed by Hurerta Diaz and Morse (1990).

A 1.4.5 Unsaturated short-term leaching test (under simulated field moisture

conditions)

In general, the solid-liquid ratio applies in leaching tests range from 1:5 to 1 :20. Solid

samples are usually saturated with water or other solvents when these tests are

performed. However, under in-situ situation, condition of waste rock is generally

unsaturated and the typical moisture contents are ranged from 5% to 15% (Ritchie,

1994). Therefore, results of these leaching tests may not provide the real data in

quantifying the metal leachability of the solid sample. This leaching test is designed and

attempted to quantify the leaching behavior of metal ions from waste rocks at

unsaturated condition similar to the typical waste-rock environment. The solid-liquid

ratio used in this test was 1: 0 .15.
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A 1.4.6 Long-term leaching test

Unlike other short-term leaching test (hourly basis), the long-term leaching test (monthly

basis) is to evaluate the effect of diffusive mechanism to metal-leaching behavior. The

difference in concentrations of metal ions between the solid and aqueous phases creates

a potential gradient in which migration of metal ions from a higher concentration region

to a lower concentration region occurs. This driving force may alter the leachability of

metal ions and therefore the long-term leaching simulates longer term leaching, as might

occur in the waste-rock pile.

A 1.5 Pore-water flow in unsaturated soils

A 1.5.1 Darcy's law

Darcy (1856) showed that the rate of water flow through a soil mass was proportional to

the gradient of hydraulic head as described by:

ohw
V", =-k\j'

_-

oy
(Eq. A-II)

where

VII'
= water flow rate {mJs}

k;
=

hydraulic conductivity with respect to the water phase {m/s}

&,/0;
=

hydraulic head gradient in the y {mJm}

This equation may apply to both saturated and unsaturated soil. The negative sign in

(Eq. A-II) indicates that water flows in the direction of a decreasing hydraulic head.

The coefficient of proportionality between the flow rate of water and the hydraulic head

gradient is called the coefficient of permeability, k; The coefficient of permeability is

relatively constant for a specific saturated soil. However, in unsaturated soils the

coefficient of permeability is not a constant, but a nonlinear function of degree of

saturation (or matric suction) and is significantly affected by the combined changes in

the void ratio and the degree of saturation of the soil (Fredlund and Rahardjo, 1993).
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Fredlund and Rahardjo (1993) also explained that when soil becomes unsaturated. air

first replaces the water in the large pores. and this causes the water to flow through the

smaller pores with an increased tortuosity to the flow path (Figure A-04). As the soil

further desaturates, the air-water interface is drawn closer to the soil particles (Figure A-

05). Consequently, the coefficient of permeability with respect to the water phase

decreases due to the reduction of water flow in pores.

(a) Flow paths in saturated soil

Figure A -04 Effect ofdesaturation on coefficient ofpermeability

(b) Flow paths in unsaturated soil

Air - water interface

Soil particles

Figure A-05 Development ofan unsaturated soil by the withdrawal of the air-water interface at

different stages ofdegree ofsaturation (i.e. Ito 5) (Childs. 1969)

A 1.5.2 Relationship of matric suction and moisture content

A soil water characteristic curve (SWCC) is a plot of the volumetric water content (8)

vs. matric suction (\.If) for a soil. There are four soil parameters that can be identified

from the SWCC curve. These are the volumetric water content, matric suction, air entry
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value, and residual water content. The volumetric water content is defined as the

porosity of the aqueous phase. The matric suction (u,
-

uw) is a measure of the negative

pore water pressure. It is the pressure difference between the pore air and the pore water

acting on the contractile skin of fluid in the pore spaces. The air entry value of the soil is

the matric suction value that must be exceeded before air recedes into the soil pores. The

intersection point between the straight sloping line and the saturation ordinate in Figure

A-06 (Stoicescu, 1997) defines the air entry value of the soil. The residual water content

is defined as the water content at which an increase in matric suction does not produce a

significant change in the water content of the soil.

There are three distinct stages in a SWCC curve: (1) Pre-air entry, (2) transition. and (3)

residual. As an unsaturated soil approaches saturation, the pore water pressure

approaches the pore air pressure, and the suction goes towards zero. At saturation. the

pore air pressure is equal to the pore water pressure. When desaturation occurs in the

soil, initially there is no significant change in moisture content. This is due to the

capillary forces holding the pore water between the pores and the soil particles and is

referred to the pre-air entry stage. As the matric suction approaches the air entry value.

air enters the pores and pore water starts to drain and at this transition stage, water

content drops rapidly with respect to the matric suction. The water content continuously

drops until all the water in the continuous phase disappears. This is referred to as the

residual stage. In this stage, most of the pore water is in the form of small droplets

(occluded phase). Any further increase in matric suction does not significantly change

the water content (residual water content).
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Figure A-06: Determination of the air-entry value and residual saturation from all SWCC

(Stoicescu, 1997)

A 1.6 Field instrumentation

In this section, a brief discussion on the origin and description of different field

instrumentation commonly used in unsaturated soils is presented.

A 1.6.1 Standpipe lysimeters

A 1.6.1.1 Operating principle of standpipe lysimeter

The word lysimeter is derived from two Greek words lysis: dissolution or movement,

and metron: measure (Aboukhaled et al., 1982). The standpipe lysimeter designed by

Rowlett and Barbour (2000) is capable of measuring soil suction and collecting pore

water in an unsaturated environment. According to the authors, the principle of

measuring soil suction with the standpipe lysimeter can be explained using a siphon hose

as an analogy. Figure A-08 illustrates the similarities between a siphon hose and the

standpipe lysimeter. As can be seen in Figure A-08a, the hydraulic head in the container

is higher than the hydraulic head at the outlet of the hose. Water in the container drains

until the water level is at the same elevation as the hose outlet. In Figure A-08b, the hose

outlet is represented by the soil suction in the waste rock. The greater the soil suction,

the greater the drawdown in the lysimeter. The drawdown in the lysimeter is a measure
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of negative water pressure (soil suction) in the surrounding waste rock. The more

negative the soil suction, the lower the moisture content of the surrounding soil. If the

soil suction decreases, the interconnected water phase will draw water back into the

lysimeter until the system comes into equilibrium.

Waste Rock

Drawdown

Lysimeter

a. Siphon Hose b. Lysimeter

Figure A-08: Siphon hose analogy ofstandpipe lysimeter (Rowlett, 2000)

Once a water table condition has been established within the lysimeter, water can be

sampled from a drain in the bottom of the lysimeter. The removal of water from the

lysimeter creates a hydraulic gradient towards the lysimeter and the surrounding pore

water is drawn into the lysimeter.

According to Darcy's law, the time required the pore-water recovery becomes steady

state depends on the hydraulic conductivity and gradient of the enclosed materials at or

near the standpipe lysimeter. The hydraulic gradient is the difference of the head

(moisture contents) between the saturated silica flour in the standpipe lysimeters and the

surrounding materials. The longer the recovery time reflects a low value of the

conductivity of materials or the hydraulic gradient. One phenomenon affecting the

hydraulic gradient is the climate change. For example, during the winter season, the

covering snow at the ground surface and frozen water near the ground surface prevent

water infiltration into the waste-rock pile. The insufficient pore water

116



A 1.6.1.2 Conversion of soil suction to moisture content value

Moisture contents were determined by converting the drawdown of water levels in the

standpipe lysimeters into matric suctions using the equation A-I2.

Suction (kPa)
= Drawdown of the lysimeter (m) x 9.80 (kPalm_H20) (Eq.A-I2)

The matric suctions were then converted to moisture-content values using the soil water

characteristic curves (SWCC) created by Gan (1997) (see Figure A-09 to A-II) and Lee

(1997) (see Figures A-12 and A-13).

The characterization of the SWCC by Gan (1997) was categorized into 3 different

graded (unclassified) waste-rock materials from Key Lake:

(1) where the SWCC was determined using waste-rock materials passing the 9.5625 mm

(see Figure A-09),

(2) where the SWCC was determined using waste-rock materials composed of 25 %

coarse (i.e. retained on the 9.525 mm sieve) and 75% fines (i.e. passing the 9.525 mm

sieve) (see Figure A-IO), and

(3) where the SWCC was determined using waste-rock materials composed of 60%

coarse (i.e. retained on the 9.525 mm sieve) and 40% fines (i.e. passing the 9.525 mm

sieve) (see Figure A-II).

Category I was conducted in a 3" (76.2 mm) diameter USG pressure plate cell fitted

with as-bar (500-kPa) high air entry ceramic disk. Category 2 and 3 were conducted in

6" (152.4 mm) diameter pressure plate cells fitted with I-bar (100-kPa) ceramic disk.

Detailed operating procedures will not be discussed.
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The SWCC determined by Lee (1997) followed the modified pressure plate testing and

vapor equilibrium procedures in O'Kane (1996) and Ayres (1998). Material passing the

4.75 mm sieve was prepared at optimum water content. All soil materials were collected

from the Heap Leach Test Facility (HLTF) at the Key Lake U-mine which was

originally constructed in 1987. Soil materials included brown till, outwash sand, cobble

ore and pink till were used.
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A 1.6.1.3 Construction of standpipe lysimeter (Mark I)

The standpipe lysimeter consists of a 3-meter-high column filled with saturated silica

flour (SSF) and a modified vacuum lysimeter (see Figure A-09). On top of the lysimeter,

there is an SSF intake zone that creates a preferential flow path for the pore water near

the lysimeter. The solid and water ratio of SSF was 1 to 1 and a bromide tracer was

added to the SSF to determine a breakthrough curve of the column. SSF has an air entry

value that is higher than the expected soil suctions in the waste rock so that it remains

saturated even when the waste rock desaturates. SSF has a hydraulic conductivity (1 x 1 0-

6
to 1x10-8 m/s) higher than flux values for typical waste-rock piles in Northern

Saskatchewan (lx10-8 to 1x10-1o m/s) (Rowlett, 2000). In this case, SSF creates a

preferential flow path to the pore water near the lysimeter, inflow to the lysimeter can be

maximized.
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Pore water enters the SSF intake zone (Figure A-09) and slowly percolates through the

SSF column to the bottom of the standpipe lysimeter. A porous plastic plate and a

perforated PVC plate are installed at the bottom of the standpipe lysimeter as a SSF filter

and allow the pore water to permeate into the frac-sand compartment. Pore water rises in

the sampling port for suction measurement and water analysis.
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An important concern related to pore-water sampling is the length of time required to

"flush" the lysimeter. SSF has a hydraulic conductivity ranging from 1 xl 0-6 to 1 x 1 0-8

m/s. Using Eq. A-II and typical hydraulic gradients. 'water will travel 0.3 to 30 m in one

year. If the travel distance from the SSF intake zone to the bottom of lysimeter is 3 m

and the hydraulic conductivity of the SSF is lxIO-7 m/s, the time required to flush the

lysimeter will be approximately 1 year if the hydraulic gradient is constant. As a result.

instantaneous in situ water sampling would not be possible. Furthermore. at this

advective flow. diffusive transport would likely dominate advective transport. The long

residence time of the pore water may allow sorption processes to take place on the SSF

surfaces. Therefore. chemical analyses of the water collected by standpipe lysimeters

may not represent the in situ pore-water chemistry of the waste-rock piles.

A solution to the above concern is to reduce the distance and time of water travel

through the lysimeter. This is accomplished by adding a vacuum lysimeter to the SSF

column. The basic operating principle of a vacuum lysimeter is that suction is applied to

the soil so that water flows into the lysimeter. A vacuum lysimeter (see Figure A-09)

consists of a ceramic cup installed at the SSF intake zone. One end of the ceramic cup is

connected to the bottom of the lysimeter using flexible tubing, the other end is extended

using flexible tubing to above the ground surface. A shutoff valve is attached to the end

of the flexible tubing above the ground surface. When suction is applied to shut-off

valve of the vacuum lysimeter, the negative pressure redirect the pore water at the SSF

intake zone to the ceramic tube of the vacuum lysimeter and pore water is collected at

the bottom of SSF column through the flexible tubing. Therefore vacuum lysimeter

bypasses the distance of the SSF column and reduces the residence time of pore water.

For detailed construction report of the Mark II standpipe lysimeters, refer to Appendix

B.
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A 1.6.1.4 Applying a one-dimensional finite element to Darcy's law in the

standpipe lysimeter

To model the recharge rate of pore water in the standpipe lysimeter, a one-dimensional

finite element equation was developed based on the Darcy's law. Applying [Eq. A-11] to

the standpipe lysimeter presents in the schematic (Figure A-lO), Darcy's becomes

where

(Eq, A-I2)

Q
= volumetric water flow rate {rrr'Is}

Ksilica
=

hydraulic conductivity of the saturated silica flour {m/s}

hi
= internal pressure head {rnlm}

h:
= external pressure head {rnlm}

L = distance travels between the two pressure heads

A = Difference in cross sectional area between main pipe and the center pipe

r-

r- t--

f-f-
- -

�

Ksilica

,.

h:: Q

1'j

<

hi i

L

Figure A-IO Schematic of the standpipe lysimeter

If the finite element is targeted to the shaded volume, then the finite-element equation of

the standpipe lysimeter with respect to the time becomes:
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(Eq. A-13)

Substitute [Eq. A-12] into [Eq. A-13], a final equation becomes

T,r _

V. K
h2

-

h,
A( )v,- 0+ II {,-to

L
(Eq. A-14)

A 1.6.2 Piezometer

The piezometer is used to measure the potentiometric (static head) surface of fluid and

to collect water sample in a pipe packed with sand and usually installed at the water

table of an unconfined water body. The piezometer is open at the top and bottom, and

water, rises in it, represents the total head at the point at which the bottom of the

piezometer is open in the sand.

A 1.6.3 Neutron Probe

The neutron probe used was a ePN 503DR Hydroprobe manufactured by ePN

International, Inc. The calibration of the neutron probe was performed using a

combination of laboratory and field methods. Two laboratory calibrations were

performed individually by Lee (1999) and Birkham (2002), respectively.

A 45 gallon barrel was used to contain the geological material. Before placing the

material in the barrel, a 3" (0.0762 m)-ID (schedule 40) PVC neutron access tube was

placed vertically in the center of the barrel, two-vi" (0.0127 m) ID LDPE tubing were

attached to the bottom of the barrel and extended to and above the top of the barrel.

After air-dried material was placed in the barrel, neutron counts were recorded at 5-cm

intervals starting at 29.2 em from the bottom and ending at 27.2 em from the top of the

material. An adequate count time was found to be 64 seconds for unsaturated calibration.

The material was then saturated and fluidized by filling the barrel with water (through

the top of the two LDPE tubing) from the bottom of the barrel. The complete-submerged

material was allowed to fluidize for 24 h to ensure saturation. A new set of neutron

counts were recorded using the same intervals performed in the unsaturated calibration.
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In order to improve the precision of measurements, a count ratio [CR, Eq. A-IS] was

used in determining moisture contents as opposed to the actual neutron count reading.

CR = neutron counts measured / stand neutron count (Eq. A-IS)

The CR will eliminate instrumental error due to drifting of electronic components of the

neutron probe (CPN International, 1999).

Birkham (2002) undertook the laboratory calibration in August 1999 using basement

gneissic, sand/sandstone materials collected from Key Lake. The dry density of the

basement gneissic and sand/sandstone materials was 1.90 and 1.72 g/crrr', respectively.

Lee (1999) carried on the laboratory calibration using sand and till material from Key

Lake. The sand was calibrated for dry densities of 1/69 and 1.58 g/cm
'

while the till was

calibrated for dry densities of 1. 99 and 1.80 g/cnr'.

The field calibration was completed at the Key Lake U-mine site in a mixture of sand

and till materials by Lee (1999). Two continuous core samples (3.3 and 2.2 m) were

collected and analyzed for moisture content at intervals of approximately 0.25 m. Dry

bulk densities were assumed to calculate volumetric moisture contents. Neutron count

readings were recorded at the corresponding depths.

The laboratory and field calibration curve is fitted to data collected by Lee (1999) and

the equation is presented as followed:

n.,
= 0.78(CR)2.28

where n.,
= volume of water/total volume (%)

[Eq. A-16]

A 1.7 Previous waste-rock studies

A 1.7.1 Waste-rock characterization by SRK (1993)

In 1991, Steffen, Robertson and Kirsten (Canada) Inc. (SRK, 1993) was commissioned

by Cameco Corp. to evaluate the short and long-term water quality from the current and

future waste-rock piles at the Key Lake U-mine. The investigation comprised
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assessment of the Deilmann north, Deilmann south, and the Gaertner waste-rock piles.

The study included a combination of laboratory and field testing to provide a foundation

for the evaluation of drainage water quality from the current. and future, waste-rock

piles at Key Lake. These investigations further identified any potential long-term water

quality issues that could be avoided, or solved, during operation to reduce long-term

environmental concerns. The field testing (static and kinetic testing) was to determine

the composition of the current waste-rock piles and also the extent 0[, and controls on,

oxidation. Instrumentation to measure temperature profiles and pore-gas concentrations

was installed within the piles. The laboratory testing was to define the geochemical

characteristics of the rock types, and provide a predictive water quality modeling of the

waste-rock piles. Characterization included identifying contaminants of interest and

determining the rates of oxidation and metal leaching for the prediction of the long-term

water quality.

The characterization of the waste-rock piles showed that there is at least 8S % sandstone

with lesser amounts of overburden sand (from initial stripping) or basement rock. The

average sulphide contents are relatively low in the sandstones (0.04 %) and somewhat

higher in the basement rock (0.11 %). While the field measurements indicate that there

was sulphide oxidation occurring in isolated zones within the rock pile. The net acidic

drainage from the waste-rock piles was not expected.

On average, higher sulphur content was observed for the basement rock compared to the

sandstone (0.11 %; standard deviation (s.d.)
= 0.05 % S, equivalent to AP value of3.0

kg CaC03 equivalent/tonne). Soluble sulphate was 0.02 % (s.d.
= 0.01 %). Typical NP

value of 4.2 kg/tonne CaC03 equivalent was also higher than sandstone. Although the

average NNP was 1.2 or NP/AP was 1.7, it was not clearly shown any phenomenon of

acid generation or consumption. The metal contents in the basement-rock samples were

slightly higher than the levels found in the sandstones. Ni (328 �tg/g) was on average an

order of magnitude higher in the basement rock than in the sand/sandstones. As and U

(33 and 14 ug/ug, respectively) were also present in low but significant concentrations

for the majority of samples tested.

127



Sandstone was characterized by very 10\\1 sulphur contents of 0.04 % (s.d.
= 0.02 %) and

soluble sulphate of 0.03 % (s.d.
= 0.03 %), equivalent to an acid production (AP) value

of 0.8 kg/tonne CaC03 equivalent. The acid neutralization potential (NP) of 0.9 kg/tonne

CaC03 equivalent, was also low. The majority of waste-rock samples indicated a

potential for net acid production (NNP) of -0.3, (NP/AP =

0.8). In general the total metal

contents in sandstones were very low. Ni, As, and U were present in low concentrations

(average of 19, 19, and 28 ug/g, respectively).

Sulphur contents found in sand samples were similar to the sandstone, averaging 0.03 %

(s.d.
= 0.02 %), and equivalent to an AP value of 0.8 kg/tonne CaC03 equivalent. The

NP of 0.9 kg/tonne CaC03 equivalent was also low. The waste-rock samples did not

clearly indicated a potential for acid generation or consumption since the net acid

production (NNP) was 0.1 or NP/AP = 1.1. In general the metal contents in sandstones

were very low. The concentrations of Ni, As, and U observed from the sand were

slightly lower than those found in sandstone (average of 8, 13, and 10 ug/g,

respectively).

A 1.7.2 Waste-rock investigation programs (Cameco, 1998)

An investigation program was conducted by Cameco Corp. between 1996 and 1997 to

evaluate the characteristics of waste-rock piles at Key Lake U-mine site. The

investigation included core drillings and installations of instrumentation (e.g. pan

lysimeters, piezometers, thermistor strings, neutron access tube, and gas probes) to

collect data on (1) groundwater quality data up-gradient, down-gradient, and underneath

the waste-rock piles, (2) in situ temperature profiles, (3) in situ moisture content profiles

and (4) geochemical reactions in terms of CO2/02 exchanges. Using these parameters in

geochemical modeling, the impact of waste-rock piles could be estimated to the

environment and the planning of decommissioning the waste-rock piles.

Waste rock at the Deilmann north waste-rock pile contained very low sulfur and

inorganic contents. In the basement rock had a mean sulphur content of 0.11 % (n
=

198;

s.d. = 0.15 %), a mean organic carbon content of 0.55 % (n
=

198; s.d. = 0.18 %), and a
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mean inorganic carbon content of 0.08 % (n
= 198: s.d. = 0.14 %). The total metal

contents of Ni, As. and U were 149.89. and 65 ug/L, respectively

Sandstone was characterized by very low sulphur contents of 0.03 % (n
= 66: s.d. = 0.03

%). The mean organic carbon content was 0.08 % (n
=

66; s.d. = 0.16 %). and a mean

inorganic carbon content was 0.02 % (n
= 66: s.d. = 0.03 %). The total metal contents of

Ni, As, and U were 90, 12. and 15 ug/L, respectively

Sulphur contents found in the sand were similar to the sandstone. averaging 0.03 % (n
=

28; s.d. = 0.04 %). The mean organic carbon content was 0.05 % (n
= 28; s.d. = 0.07

%), and a mean inorganic carbon content was 0.02 % (n
=

66; s.d. = 0.02 %). The total

metal contents ofNi, As, and U observed from the sand were greater than those found in

sandstone (average of 107.89, and 13 ug/l., respectively).
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