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EXECUTIVE SUMMARY 

 

In 2001, a project was initiated to study the behavior of treatment sludges in northern 
climatic conditions. For this study, leach columns were commissioned in the laboratory 
to evaluate metal mobility from treatment sludges. In addition, sludge densification by 
the freeze-thaw mechanism was studied. 
 
Sludge samples from effluent treatment operations at United Keno Hill (UKH) and 
Faro mine sites were used in this study. This project has been divided into two main 
tasks; a leaching study and a freeze-thaw study, both conducted in the laboratory and 
in the field. This final report presents the results of the sludge characterization, the 
freeze-thaw study and the leaching study. 
 
The composition of the acid mine drainage sludge produced at Faro and UKH mine 
sites were different as compared to typical lime treatment sludge. The metal 
composition of the mine water was very low, in particular for iron. While the pH of the 
wastewater was near neutral, the addition of lime was required mainly to precipitate 
zinc. The metal content of the sludge was low and the neutralization potential was very 
high which was in accordance with the high carbonate content measured in the sludge. 
The United Keno Hill sludge was mainly composed of calcite. Instead of calcite, the 
Faro sludge had as a major constituent aragonite, a pseudomorph of calcite crystals. 
 
The sludge characterization revealed that the lime treatment process at both sites could 
be optimized. The origin of the high carbonate content of the sludge was probably from 
the lime quality used and from a high carbonate concentration in the mine water. 
Mineralogical results revealed evidence that minor amounts of calcium carbonate is 
from primary precipitation during the lime addition. Also, larger particles of calcium 
carbonate were also identified in both sludges which are thought to be from the lime 
used to precipitate metals. The lime treatment process could probably be improved by 
optimizing the slaking temperature, agitation time rate and using the proper chemical 
reagents to precipitate metals. 
 
The freeze-thaw mechanism evaluated in the field increased the percent solids of the 
sludge from 23% to 60% for the UKH and from 28% to 58% for the Faro sludge. The 
freeze-thaw study conducted in the laboratory showed final percent solids values in the 
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same order. The capability of the sludge to dewater so easily is explained by the low 
amount of iron hydroxide in the sludge. Because no particle repulsion force or bond 
water are associated to the iron hydroxide phase. The high solids content reached in 
this study was mainly due to natural dewatering rather than the freeze-thaw 
mechanism. 
 
In terms of chemical stability, the column and the SPLP studies revealed that the metal 
release is minimal because of the high neutralization of both sludges. The variation of 
the temperature did not have any significant impact on metal mobility. Nickel and zinc 
were released to significant levels for both sludges when the sludges were subjected to 
the TCLP. 
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DISCLAIMER 

 

CANMET-MMSL makes no representation or warranty respecting the results arising 

from the Work, either expressly or implied by law or otherwise, including but not limited 

to implied warranties or conditions of merchantability or fitness for a particular purpose. 
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1.0  INTRODUCTION 
 

It is common practice in the mining industry to treat metalliferous process water and 

acidic drainage with lime for pH neutralization and metal precipitation. This method 

typically generates voluminous, low-density sludge which may re-mobilize metals after 

disposal. 

 

In recent years, several studies have been undertaken to study and evaluate the 

degree of metal mobility from lime sludges and their long-term chemical stability (Zinck, 

1999; Zinck, 2000; MEND 3.42.2, 1997 and Zinck et al., 1996). However, very little, if 

any, information is available in the literature on the stability of lime treatment sludge in 

northern environmental conditions. 

 

As noted above, the challenges generally associated with the treatment of acid mine 

drainage (AMD) with lime are typically the voluminous amounts of sludge to dispose, 

the lower solid content and long-term stability of the sludge. Sludge volume may be 

reduced by progressive freezing cycles, making the sludge denser. The sludge 

thickening effect is attributable to the growth of ice crystals which incorporate water 

molecules in their structure. The sludge is compressed by the ice front. When the ice 

melts, the sludge solids content remains in its compressed state which promotes water 

drainage and sludge dewatering (Vesilind and Martel, 1990). The freeze-thaw process 

was extensively studied by various researchers (Hung et al., 1996; Ezekwo et al., 1980; 

Halde, 1980) on municipal sludge and alum sludge but not on AMD sludge. 

 

A two-year project was initiated to study the physical behavior and environmental 

impact of lime treatment sludge from northern climates. This study was based mainly 

on two mine sites located in the Yukon; United Keno Hill (Elsa, Yukon) and the 

Faro mine site (Faro, Yukon). Parallel field and laboratory studies were conducted to 

examine both the freeze-thaw and the sludge stability. 
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1.1 Project Objectives 
 

The objectives of the project were: 

 

• to evaluate and assess metal mobility and chemical stability of lime treatment 

sludge in northern environmental conditions through both field trials and 

laboratory testing; and 

• to investigate the freeze-thaw effects on sludge densification. 

 

This report presents sludge characterization, sludge densification results and sludge 

leachability. In addition, this report summarizes the column set-up, methodology and 

analytical approach used in this study. 
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2.0  FIELD METHODOLOGY AND ANALYTICAL PROCEDURES 
 

2.1 United Keno Hill 

 
The sludge at the United Keno Hill mine site was sampled in September 2001 by a 
CANMET-MMSL team. Representative samples of sludge were collected from sludge 
ponds with a water cover near the Galkeno adit 900. An Eckman grab was used to 
collect the sludge from the ponds. 
 
Specially constructed cell units were installed in the ground near the sludge ponds to 
study the freeze-thaw effect and the chemical stability of the sludge. Three cell units 
having a diameter of 30 cm and a height of 37 cm with piezometers for water sampling 
were installed. Three piezometers consisting of PVC tubing per cell unit were installed 
at different heights on a bridge. The bridge was installed on the cell walls and the 
bottom section of the piezometers were protected with a piece of geotextile to avoid 
clogging. In each cell, piezometers were placed at a distance of 10, 20 and 30 cm from 
the surface in order to collect porewater at three different locations. The bottom of the 
cell unit was covered with a 5 cm layer of polypropylene beads. Figure 1 represents the 
field set-up (UKH). 
 

 

 

 

 

 

 

 

 

 

 

Figure 1: Field set-up for the freeze-thaw study and the leaching study at UKH. 
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During the second field campaign in June 2002, supernantant water, porewater and 
sludge samples were collected from each cell unit. The porewater samples were 
collected by sampling the piezometers using a pump. A parallel experimental set-up 
(Figure 1b) was also commissionned at CANMET's Ottawa laboratory in order to gather 
more data and compare field and laboratory results. 
 
Three additional cell units were installed on site to evaluate the freeze-thaw effect of the 
sludge. Initial percent solids content of the sludge was taken in the fall of 2001 and the 
final solid contents of the sludge were determined during the spring of 2002. A layer of 
sand (5 cm) was placed at the bottom of the cells. Parallel experiments were also 
conducted in the laboratory. 
 

2.2 Faro 

 
The sludge at Faro mine (Faro, Yukon) is produced by a process similar to a high 
density sludge process. Fresh sludge was collected directly from the recycle line at the 
plant. An experimental set-up similar to the one at UKH (Figure 1)  was also installed at 
the Faro site to study the freeze-thaw and metal leaching characteristics. Three cell 
units were installed for the freeze-thaw task and six units for metal leachability study. 
Three of the six cell units were set up with a water cover. 
 

2.3 Laboratory Freeze-thaw 

 
This section oulines the experimental set-up and methodology for the laboratory freeze-
thaw testing. 
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2.3.1 Column Set-up and Methodology 
 
The laboratory columns were made of plastic (Lexan) measuring 25 cm in internal 
diameter and 39 cm in height. Sand was placed between two geotextile layers at the 
bottom of the column in order to facilitate drainage. The sand and the geotextile were 
prewashed with 2% nitric acid and rinsed several times with distilled water until the pH 
reached a value betweeen 6.0 and 7.0. The columns were insulated on the sides by 
wrapping them with fiber glass wool to a thickness of 15 cm as showed in Figure 1a. 
This was done to promote the freezing of the column and the ice front advance from the 
top and bottom of the columns.The aim of the insulation was to simulate ground 
conditions in permafrost regions. 
 

 
Figure 1a: Laboratory set-up for the freeze-thaw study 

 
The columns were filled with sludge to obtain a final bed height of ~30 cm after gravity 
dewatering. Representative sludge samples were taken at the time of column loading 
for mineralogical, chemical, solids content and particle size analyses. The columns 
were then placed in a freezer for four consecutive freeze-thaw cycles. Each freeze-thaw 
cycle started at 20ºC and the temperature decrease to 2ºC/hour until the temperature 
reached –20ºC. At this temperature, the columns were allowed to rest for a period of 
one day, afterwards, the temperature started to increase at the same rate until the 
temperature reached the set point of 20ºC. Between each cycle, sludge sampling was 
done at four different locations at 7 cm below the sludge surface. Particle size 
distribution and percent solids were measured after each freeze-thaw cycle and 
mineralogical analysis after completion of the fourth cycle. Particle size distribution 
results are given in Appendix A. 
 



Version:  June 12, 2003 

CANMET-MMSL Report 03-028(CR) 6

The freeze-thaw experiment was conducted in duplicate, 2 columns for the Faro sludge, 
2 columns for the UKH sludge and 2 control room temperature columns, one for each 
sludge for a total of six columns. 
 

2.4 Leaching Procedure 

 
For leaching tests, the columns  were loaded with the test sludge to obtain a final bed 
height of ~30 cm. The columns were leached once a week with 155 mL of distilled 
water to simulate ambient wet/dry cycle. In order to simulate the impact of cold 
temperature conditions on the sludge leaching, these tests were also conducted at low 
temperature. Temperature varied from -20°C to 20°C at a rate of around 1°C/day. 
 
2.4.1 Batch Leaching Tests 
 
In addition, leaching tests using the Toxicity Characteristic Leaching Procedure (TCLP), 
Synthetic Precipitation Leaching Procedure (SPLP) and the distilled water were 
conducted. The TCLP and SPLP are designed to determine the mobility of both organic 
and inorganic analytes in the waste. TCLP tests are conducted using acetic acid as an 
extraction fluid while the SPLP is water and the pH is adjusted to 4.2 using a mixture of 
sulfuric and nitic acid (60/40 wt). 
  

2.5 Analytical Procedures 

 
The pH, Eh and Ec were measured in the field and in the laboratory. The samples were 
analysed by the Analytical Services Group (ASG), of the CANMET Mining and Mineral 
Sciences Laboratories. The ASG is ISO 9002 certified and their QA/QC protocols can 
be found in the ASG Quality Manual (2000). 
 
2.5.1 Chemical Composition 
 
A complete characterization of the sludges used in this study, including chemistry and 
mineralogy was completed. The sludge samples and the leachates were analyzed 
chemically for the following components:  redox potential (Eh), conductivity (Ec), pH, Al, 
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Ag, As, Ba, Ca, Cd, Cu, Fe, Hg, Mg, Mn Pb, Se, S, Si, SO4 and Zn. The analyses were 
carried out using ICP-MS, ICM-AES and ion chromatography. 
 
2.5.2 pH, Eh and Conductivity 
 
The electrical conductivity measurements were completed using a epoxy/graphite Ec 
electrode and a Oakton CON 500 series conductivity meter. The pH measurements 
were done using a glass electrode with an Ag/AgCl reference, the Eh was measured 
using a platinum tip combination electrode and Consort meter. Paste pH and Eh on the 
solid samples were done according to the methodology of Lawrence and Marchant 
(MEND 1.16.1b,1991). 
 
2.5.3 Solids Content 
 
The solids content of the sludge was determined by sample weight loss after oven 
drying to constant weight at 60ºC for at least 24 hours. 
 
2.5.4 Particle Size Determination 
 
Particle size determination was completed on all the samples using a Horiba LA-300 
laser scattering analyzer. The particle size determination range for the analyser is 0.10 
to 600 µm. As the particle size analyzer carries out measurements with the particles in 
a diluted state, the dispersed state of the particle is an important factor in measurement 
accuracy. The dispersing agent must be one that does not cause coagulation, 
dissolution, swelling or chemical reaction. Methanol was used as the dispersant fluid for 
the sludge sample to avoid the dissolution of calcite, gypsum or other soluble 
components in the sludge. The samples were run in duplicate using a run time of 
2 minutes. Appendix A presents the particle size data for the sludge before and after 
the freeze-thaw tests. 
 
2.5.5 Neutralization Potential 
 
The neutralization potential was determined by treating a freeze-dried sample with an 
excess of standardised hydrochloric acid and heating to ensure complete reaction. A 
fizz test was employed to ensure that the amount of acid added was sufficient to react 
with all the acid-consuming minerals present. The unconsumed acid was back titrated 
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with standardized base to pH 8.3 to allow calculation of calcium carbonate equivalent of 
the acid consumed (MEND 1.16.1b, 1991). 
 

2.6 Mineralogy 

 
Polished sections were prepared from sub-samples of each sludge sample. The 
polished sections were prepared without the use of water during grinding and polished 
steps, in order to minimize the effect on water-sensitive minerals. These were first 
examined by optical microscopy under reflected light, followed by scanning electron 
microscopy (SEM) in the back-scattered electron (BEI) mode, with a JEOL 820 SEM 
operated at 20 kV, with a beam curent of 1 nA. Identifications were done by Energy 
Dispersion Spectrometry (EDS), using a Link ISIS series 300 system. In addition, parts 
of the samples were submitted for X-ray diffraction analysis (XRD) and image analysis 
to identify and quantify the mineral components, as these are both complementary 
techniques for mineral identifications. The modal analysis by XRD was done on the 
samples by the Rietveld Method. The samples were scanned from 5 to 90 degrees (two 
theta) at a sampling interval of 0.02 degrees and at a scan rate of 1.2 degrees per 
minute. The data were reformatted and the background was removed. The proportions 
of the crystalline phases were determined by data refinement using the General 
Structure Analysis System (GSAS) software. 
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3.0  RESULTS AND DISCUSSION 
 

3.1 Sludge Characterization 

 
The sludge sample from the United Keno Hill and Faro mine sites were characterized 
for their physical properties, chemical and mineralogical compositions. The chemical 
characterization results are presented in Table 1 and are discussed below. 
 
3.1.1 United Keno Hill Sludge (UKH) 
 
The sludge was collected from the sludge ponds near the Galkeno 900 adit at United 
Keno Hill mine site. The sludge at the site is disposed under a water cover. The particle 
size distribution showed the sludge was a fine-grained material with a bimodal 
distribution with two peaks centered at 0.39 µm and 7.70 µm. The mean particle size of 
lime sludge was 4.1 µm. The sludge paste pH and Eh were respectively of 8.76 and 
301 mV. 
 
The sludge was mainly composed of calcium carbonate. The metal content of the 
sludge was quite low, particularly iron. The iron, zinc, calcium and carbonate 
represented respectively 0.19%, 0.66%, 37% and 52.5%. The paste pH of the sludge 
was low compared to typical sludge types (MEND 3.42.2). However, the lower pH was 
in accordance with the major phase detected in the sludge, which was calcium 
carbonate that has a pK value of 8.0. 
 
The neutralization potential (NP) of the sludge was very high at 911 kg CaCO3 
equiv/tonnes, one of the highest reported in the literature (MEND 3.42.2, 1997). 
Galkeno 900 adit discharge effluent was nearly neutral having a pH around 7.0. Lime 
treatment was required to bring the pH to ~ 9 for precipitation of zinc. In this type of 
process, very low quantities of lime are generally required to raise the pH. Higher NP 
values suggest that more lime is used than required for zinc precipitation. Overdosing 
lime through poor slaking and insufficient mixing usually lead to high NP values (MEND 
3.42.2, 1997). The origin of calcite remains unclear but the results suggest that a 
portion of unused lime may react with atmospheric CO2 to precipitate CaCO3. Also 
some of the CaCO3 in lime may be present from poor or insufficient lime calcination. 
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Modal analysis (XRD technique) showed two different phases of calcium carbonate, 
calcite (93.3 wt.%) with minor amounts of aragonite (6.7 wt. %). Optical microscopy 
revealed fine-grained agglomerated particles of well recrystallized calcite (Figure 2). 
Also observed in this sample and identified by EDS, was a Zn-bearing hydrated hydroxy 
carbonate or sulphate phase containing Ca, Mg, Mn, and Si (Figure 3). Numerous 
particles of pyrite were also observed, generally showing a goethite-like rim (Figures 4 
and 5) and much larger particles of calcite (Figure 3), quartz (Figures 6 and 7) and 
other silicates i.e., muscovite, amphibole and chlorite (Figures 6-8), as well as trace 
amounts of rutile and Ca-Fe (Figure 9) and Mn oxide particles. Table 2 presents a 
summary of minerals identified by SEM-EDS and XRD for the Faro and UKH sludge. 
 
Under certain conditions, the crystallization of calcite is discouraged and aragonite 
forms instead. The magnesium and salt content of the crystallization fluid, the turbidity 
of the fluid and the time of the crystallization are important factors in determining 
whether aragonite or calcite will predominate. 
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Table 1 - Chemical composition of the sludges 
Parameters UKH Faro 

Al, % 0.40 0.20 

Ag, µg/g < 0.6 < 0.6 

As, µg/g 37 2 

Ba, µg/g 16 67 

Ca, % 37 32 

Cd, µg/g 1.82 54.8 

Cu, µg/g 7.22 31.3 

Ctotal, % 10.5 10 

Cinorganic, % 10.5 9.88 

Corganic, % --- 0.12 

CO2, % 38.4 36.2 

Fe, % 0.19 0.10 

Hg, µg/g < 3 < 3 

Mg, % 0.81 1.2 

Mn, % 1.8 1.1 

Ni, µg/g 173 393 

Pb, µg/g 2.37 43.6 

Se, µg/g < 2 < 2 

Si, % 0.63 1.37 

S, % 0.44 0.15 

Zn, % 0.66 4.52 

SO4, % 0.63 0.48 

NP, kg CaCO3 equiv./tonne 911 849 

pH 8.76 8.81 

Eh, mV 301 279 
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Table 2 - Summary of minerals identified by SEM-EDS and XRD 
SEM-EDS Samples 

Major Minor Trace 

XRD results 

Faro CaCO3  Cal, Und1, Sph, Gn 

Qtz, feldspars, Chl, Fe-O 

Arg (major), Cal (trace) 

UKH CaCO3  Py, Und2, Qtz, Ms, Amp, Chl, 

Goe, Ca-Fe-O, Mn-O, Rt 

Cal (major), Arg (minor) 

 

Abbreviations used: Amp=amphibole, Arg=aragonite, Cal=calcite, Sph=sphalerite Py=pyrite, Qtz=quartz, Ms=muscovite, 

Chl=clinochlore, Cp=chalcopyrite, Gn=galena, Rt=rutile, Brt=barite; Goe=goethite; Und1= poorly crystalline Zn-bearing hydrated 

hydroxy-carbonate containing Si, Mg, Ca and Mn, Und2= poorly crystalline Zn-bearing hydrated hydroxy-sulphate containing major 

Ca and lower contents of Mg, Mn and Si. 
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Figure 2: BEI that shows recrystallized calcite particles partly agglomerated; UKH 
 

 
 

Figure 3: BEI that shows fine-grained recrystallized calcite particles (partly 
agglomerated), a large calcite particle and a small particle of a Zn-bearing 
hydrated hydroxy carbonate or sulphate (unk); UKH 
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Figure 4: BEI that shows recrystallized calcite particles and a pyrite grain showing a 
goethite-like rim; UKH 

 

 
 

Figure 5: BEI that shows a larger pyrite particle with a goethite-like rim; UKH 
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Figure 6: BEI that shows large particles of silicates (quartz, and chlorite (sil)) 

surrounded by partly agglomerated calcite particles; UKH 
 

 
 

Figure 7: BEI that shows a complex multimineralic particle of quartz (qtz), muscovite 
(ms) and rutile (rt) surrounded by fine-grained calcite; UKH 
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Figure 8: BEI that shows larger particles of calcite and amphibole (sil) with finer-
grained calcite particles (partly agglomerated); UKH 

 

 
 

Figure 9: BEI that shows a Ca-Fe oxide particle partly rimmed and surrounded by 
recrystallized calcite; UKH 
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Figure 10: XRD pattern of UKH sludge 
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3.1.2 Faro Sludge (Faro) 
 

The fresh sludge was collected directly at the mill. The particle size distribution showed 

a bimodal distribution with two peaks centered at 0.34 and 8.8 µm. The paste pH and 

Eh values of 8.81 and 279 mV were measured. 

 

The chemical composition of the sludge was relatively similar to the UKH sludge with 

the exception of the zinc content. The sludge content was high in calcium, carbonate 

and low in iron with values respectively of 32%, 49% and 0.1%. The zinc content was 

relatively high with a value of 4.5%. Calcium carbonate in the form of aragonite was the 

major constituent of the sludge. The high amount of carbonate was also reflected in the 

neutralization potential which was very high with a value of 849 kg CaCO3 equiv/tonne of 

material. 

 

The modal analysis done by X-ray diffraction (XRD) technique using the Rieveld 
method revealed that the crystalline phases within the sample consisted of aragonite 
(99.1 wt. %), with a trace of calcite. The examination of the sample by optical 
microscopy in reflected light, showed that it consisted of fine-grained (< 2 to 15 µm) 
agglomerated particles (Figures 11,12,14 and 15) identified by SEM-EDS as mainly a 
calcium carbonate. Present in trace amounts, was a Zn-bearing hydrated hydroxy-
carbonate phase containing Si, Mg, Ca, and Mn (Figure 13) which showed the same 
morphology as the major Ca carbonate (Figures 11 and 12). Numerous small particles 
of sphalerite were also found, often as a part of the fine-grained agglomerated particles 
(Figures 12 and 14), sometimes showing a rim of calcite (Figures 15 and 16). 
Numerous large particles of calcite (Figures 17 and 18), quartz (Figure 19), Ca-Na-Al 
silicates (feldspars) as well as chlorite were observed. A few small particles of Fe oxide 
were also present. 
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Figure 11: Backscattered electron image (BEI) that shows fine-grained agglomerated 
Ca carbonate with a trace amount of Zn-bearing hydrated hydroxy 
carbonate, slightly darker grey (unk); Faro 

 

   
 
Figure 12: BEI that shows fine-grained agglomerated Ca carbonate particles with a 

trace amount of Zn-bearing hydrated hydroxy carbonate, darker grey 
(unk), and a larger sphalerite particle (sph); Faro 
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Figure 13: Energy dispersive spectrum (EDS) of the undefined Zn-bearing hydrated 

hydroxy carbonate phase which contains Si, Mg, Ca and Mn; Faro 
 
 
 
 

   
 
Figure 14: BEI that shows fine-grained agglomerated Ca carbonate particles together 

with a small sphalerite particle (sph); Faro 
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Figure 15: BEI that shows fine-grained agglomerated Ca carbonate particles with a 

small sphalerite particle (sph) rimmed by a Ca carbonate; Faro 
 
 
 

   
 
Figure 16: BEI that shows a sphalerite (sph) particle with a small encapsulated grain 

of galena (gn) and rimmed by a Ca carbonate (possibly calcite); Faro 
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Figure 17: BEI that shows a large particle of calcite, with smaller particles of possibly 

aragonite; Faro 
 
 
 

   
 
Figure 18: BEI that shows large particles of calcite (cal) and silicate (sil), with smaller 

particles of possibly aragonite; Faro 
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Figure 19: BEI that shows fine-grained aragonite with large particles of quartz (Qtz), 

the smaller quartz particle also showing minor chlorite (lighter grey) and 
Fe oxide (white) associated; Faro 
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Figure 20: XRD pattern of the Faro sludge 
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Calcium and carbonate were the major components of the sludge. The calcium in the 
sludge varied from 32% (Faro) to 37% (UKH). Calcium was present mainly as 
calcite/aragonite, gypsum was not present at a significant level. For both sludges, the 
molar ratio of Ca:CO3 approaches unity. The high neutralization potential and the 
sludge paste pH measured in this study correlate strongly with carbonate values in the 
sludge. 
 
As mentioned previously, the origin of the calcite remained unclear. Several theories 
have been postulated (MEND 3.42.2, 1997) with respect to the calcite source, including: 
carbonation as a result of aeration (Aubé, 1997; Zinck and Aubé, 2000), the presence 
of unburnt lime in the quick lime (Bisceglia, 1966) or the presence of carbonate from the 
use of soda ash in the process stream. Based on mineralogical results, the most 
probable origin of the carbonate at the Faro and UKH mine sites would be from the lime 
quality used to precipitate out the metals and presence of carbonate in their process 
stream. 
 
The mineralogical results revealed evidence that minor amounts of calcium carbonate 
is from primary precipitation during lime addition. A rim of calcite was observed around 
Ca-Fe and Mn oxide (Figures 9 and 26). Similar rims of calcium carbonate was 
observed from the Faro sludge samples around particles of sphalerite, galena and 
pyrite (Figures 15, 16, 31 and 32). The source of the carbonate is probably from the 
atmospheric adsorption of the CO2 in the mine water resulting in calcium carbonate 
precipitate around particles and from carbonate in their process stream. Larger particles 
of calcium carbonate were also identified for UKH sludge sample (Figure 8) and Faro 
sludge (Figures 18 and 19) which appear to be from the lime used to precipitate the 
metals. 
 
No lime samples were collected for characterization during the first sampling campaign 
in 2001. However, lime sample were collected during the second field trip in 2002. The 
lime used at UKH mine site to produce their sludge was composed of Ca(OH)2 
(36.1 wt.%), calcite (46 wt.%), aragonite (12.3 wt.%) and quartz (5.6 wt.%). The lime 
used at the Faro mine site was quite different with 85.8 wt.% of Ca(OH)2, 2.1 wt.% of 
calcite and 12.1 wt.% of CaO. Details of the lime characterization are presented in 
Appendix B. No direct conclusion could be done from the lime and the sludge 
composition because they were not sampled at the same period. Between the time 
period, the lime composition may have changed. However, the lime characterization 
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showed that calcium carbonate was present in the lime and could be used as an 
indicator to explain the origin of some of the carbonate. 
 
The sludge characterization showed that lime quality and addition required further 
investigation and the process could also be optimized. Several treatment parameters 
significantly impact on operating costs, effluent quality, sludge type and the required pH 
for precipitation (Zinck and Aubé, 2000). The lime slaking, lime slurry feeding, pH 
control, lime consumption, sludge settleability, leachability and the operating costs need 
to be evaluated and optimized for each site. The neutralization potential (NP) is very 
high, one of the highest reported in the literature (MEND 3.42.2, 1997). The 
neutralization potential measured was 911 and 849 kg CaCO3 equiv/tonnes respectively 
for United Keno Hill and Faro sludges.  Overdosing of lime, ineffective slaking practices, 
insufficient mixing and poor pH control usually lead to high NP values. High amounts of 
calcite/aragonite were also reported in the sludge which could lead to excessive 
treatment costs. Zinck and Aubé (2000) estimated that it costs $56 for every tonne of 
calcite produced in the sludge. 
 

3.2 Freeze-Thaw Study 

 
3.2.1 Field Freeze-thaw Study 
 
The field freeze-thaw task consisted of perforated cell units installed in the ground in 
triplicate for which sludge samples were placed to evaluate in the freeze-thaw 
mechanism on the sludge densification. After one winter, the percent solids of UKH 
sludge increased from approximately 23% to 60%. The percent solids of the Faro 
sludge also increased after one winter from 28% to 58%. Table 3 presents the initial 
percent solid for the UKH and for Faro sludge as well as the percent solids after one 
winter. 
 
The ability of the Faro and UKH sludges to dewater was different to most AMD sludge 
that contain iron hydroxide and gypsum as major constituents. The iron particles are 
surrounded by an envelope of bond water and hydroxyl ions are absorbed by the 
particle creating an electric double layer (Bosman, 1974). The metal hydroxide particle 
is surrounded by water molecules, to which hydroxyl ions are attracted, creating an 
electric double layer, as illustrated in Figure 20a. 
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Figure 20a: Electric Double Layer between Iron Hydroxide and Water Molecules 
 
The main reasons for which sludge are voluminous are the particle repulsion, bounded 
water and a rapid hydrolysis (Laitinen, 1960, Moser, 1929). The percent solids 
measured in this study were particularly high compared to typical AMD sludge but they 
could be explained by the chemical composition of the sludge; minor amounts of iron 
was present. Consequently, it was much more easier to dewater the sludge because of 
low levels of iron hydroxide in the sludge. 
 
 
Table 3 - Effect of freeze-thaw on percent solids (field) 

Sample Initial percent solids Percent solids 
after one winter 

Degree of 
densification 

 % % % 

UKH-4 23.0 59.7 160 

UKH-5 14.8 51.5 248 

UKH-6 20.1 60.9 203 

Faro-7 26.9 56.3 109 

Faro-8 28.2 58.0 106 

Faro-9 28.6 55.2 93 
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3.2.2 Laboratory Freeze-thaw Study 
 
For the laboratory freeze-thaw study, a total of six columns were commissioned; the 
Faro and the UKH columns in duplicate were subjected to four freeze-thaw cycles and 
two room temperature controls. Overall, there was no major difference in the solid 
concentration of dewatered sludge used for freeze-thaw tests compared to the room 
temperature control. Final results showed a slight increase in the percent solids for the 
UKH sludge after four cycles compared to the room temperature control. No significant 
increase in sludge density was measured for the Faro sludge after the four freeze-thaw 
cycles. Compared to the room column controls, the results were similar and the 
densification was mainly due to gravity dewatering rather than the freeze-thaw 
mechanism. Sludge solids content were also comparable to the results obtained from 
the field. Table 4 presents the percent solids after four cycles of the freeze thaw study. 
 
The particle size distribution of the Faro and UKH sludges remained the same between 
each cycle of the laboratory study. No agglomeration or particle division has been 
observed. From a mineralogical point of view, the UKH sludge gave similar results to 
the initial sample, i.e., 93.8 wt.% calcite and 6.2 wt.% aragonite. No phase changes 
were observed during the laboratory freeze-thaw study. Optical microscopy showed 
pretty much the same, with fine-grained agglomerated, often well recrystallized calcite 
particles (Figures 21 and 22), with trace amounts of a Zn-bearing hydrated hydroxy 
carbonate or sulphate phase containing Ca, Mg, Mn and Si (Figures 23 and 24). 
 
A few pyrite particles were observed (Figure 22) as part of the fine-grained 
agglomerated particles of calcite. As in the previous sample, the pyrite showed a 
goethite-like rim. Much larger particles of calcite, quartz (Figure 25) were also found. 
Trace amounts of rutile, and Ca-Fe and Mn oxides were also present. 
 
The XRD analysis of the Faro sludge after the fourth freeze-thaw cycle gave identical 
results as the previous sample examined, i.e., aragonite as the major constituent 
(99.1 wt%) and trace amount of calcite (0.9 wt%). The examination by optical 
microscopy also revealed that this sample was not really different mineralogically 
relative to the previous sample. It consisted mainly of fine-grained particles of aragonite 
generally agglomerated (Figure 28), with trace amounts of a Zn-bearing hydrated 
hydroxy-carbonate phase which showed identical morphology/texture as the major Ca 
carbonate present. This phase often had a slightly darker grey level in the 
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backscattered electron mode, as shown in Figures 29 and 30, which is related to the 
composition. Trace amounts of sphalerite and pyrite were present. Figure 31 showed a 
multimineralic particle that consisted of sphalerite associated with galena, pyrite and 
barite, with a rim of Ca carbonate (possibly calcite). Figure 32 showed a particle of 
pyrite with a rim of calcite, whereas Figure 33 showed agglomerated fine-grained 
aragonite particles with small particles of chalcopyrite and a Ca-Fe oxide. Numerous 
large particles of calcite were observed (Figure 34), but also of quartz, feldspars and 
chlorite (Figure 35). 
 

 

Table 4 - Freeze-thaw effect vs percent solids (laboratory) 
UKH-1 

(%) 
UKH-2 

(%) 
UKH-control 

(%) 
Faro-1 

(%) 
Faro-2 

(%) 
Faro-control 

(%) 
Initial percent 

solids* 
41.6 41.6 41.0 45.5 44.6 44.7 

After cycle 1 53.8 54.2 49.2 49.6 49.7 49.1 
After cycle 2 55.4 57.1 52.4 48.5 48.6 52.7 
After cycle 3 57.0 59.2 53.4 48.5 48.8 53.2 
After cycle 4 57.3 57.4 56.5 48.6 48.4 55.3 

*:  after gravity dewatering 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: BEI that shows a typical agglomeration of fine-grained recrystallized 
calcite particles with minor to trace amounts of the undefined Zn-bearing 
hydrated hydroxy carbonate or sulphate (generally darker grey than 
calcite); UKH1-4 
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Figure 22: BEI that shows agglomerated fine-grained recrystallized calcite particles 

with minor to trace amounts of the Zn-bearing hydrated hydroxy carbonate 
or sulphate phase (generally darker grey than calcite), and a small pyrite 
grain showing a goethite-like rim; UKH1-4 

 

 
 
Figure 23: BEI that shows a particle of the Zn-bearing hydrated hydroxy carbonate or 

sulphate phase (unk, generally darker grey than calcite), surrounded by 
fine-grained recrystallized calcite; UKH1-4 

 



Version:  June 12, 2003 

CANMET-MMSL Report 03-028(CR) 30

 

   
 

Figure 24: Energy dispersive spectrum (EDS) of the undefined Zn-bearing hydrated 
hydroxy carbonate or sulphate phase which contains major Ca, minor Mn 
and Mg and low Si, S and Zn; UKH1-4 
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Figure 25: BEI that shows large particles of calcite and quartz surrounded by 
 fine-grained calcite; UKH1-4 
 

   
 

Figure 26: BEI that shows a Mn oxide particle rimmed by a Ca carbonate (possibly 
calcite); UKH1-4 
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Figure 27: XRD pattern of the UKH sludge after the fourth freeze-thaw cycle 
 

   
 

Figure 28: BEI that shows fine-grained aragonite particles agglomerated; Faro2-4 
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Figure 29: BEI that shows fine-grained agglomerated Ca carbonate particles with a 
slightly larger particle of a Zn-bearing hydrated hydroxy carbonate (unk); 
Faro2-4 

 

   
 

Figure 30: BEI that shows a Zn-bearing hydrated hydroxy carbonate particle (unk), 
within agglomerated fine-grained aragonite particles; Faro2-4 
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Figure 31: BEI that shows a complex multimineralic particle of sphalerite (sph)/pyrite 
(py)/galena (gn) and barite (bar), partly rimmed by possibly calcite, cal; 
Faro2-4 

 

   
 

Figure 32: BEI that shows pyrite (py), rimmed by a Ca carbonate (possibly calcite); 
Faro2-4 
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Figure 33: BEI that shows fine-grained aragonite particles, with small grains of a 
Ca-Fe oxide and chalcopyrite (cp); Faro2-4 

 

   
 

Figure 34: BEI that shows a large particle of calcite, surrounded by fine-grained 
aragonite particles; Faro2-4 
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Figure 35: BEI that shows large particles of silicates (quartz, plagioclase and chlorite 

(lighter grey) surrounded by fine-grained aragonite particles; Faro2-4 
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Figure 36: XRD pattern of the Faro sludge after the fourth cycle 
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3.3 Sludge Chemical Stability 

 
This section presents results of the sludge column leachability conducted using column 
leaching and batch tests. Appendix C contains all the tables regarding the metal 
concentrations measured during the leaching study. 
 
3.3.1 UKH Column Leaching Study 
 
The pH of the leachate of the UKH sludge subjected to the freeze-thaw slightly 
decreased from around 11.4 to 10.6 over the leaching period. The room temperature 
control column showed a significant decrease of the pH from around 11.2 to 8.0. The 
redox potential remains relatively constant with values around 200 mV and the 
conductivity measurement decreased slightly over the leaching results.  
 
The metal concentrations leached were typically close to the limit of quantification of the 
method for As, Cd, Cu, Mn and Zn. The aluminum concentration was higher at the 
beginning of the study with values around 0.3 mg/L decreasing during the leaching 
study to values typically below 0.001 mg/L. The sulphate and calcium concentrations 
decreased over time which is in accordance with the decreased of the conductivity 
results. Under the column leaching conditions, the UKH sludge appeared to be 
chemically stable at least in the short term. 
 
3.3.2 Faro column leaching study 
 
The pH of the leachate from the Faro column was lower compared to the UKH but it 
was in accordance with the sludge paste pH. The pH remained relatively constant at 
around 9.0 for the Faro-1,2 and the room temperature column. The redox potential 
fluctuated from 200 to 400 mV and the conductivity was relatively constant at 1.17 mS. 
 
As indicated in Tables C-4 and C-5 (Appendix C), the metal concentrations measured 
in the leachate were particularly low for Al, As, Cd, Cu, Zn and Fe. The sulphate 
concentrations remained relatively constant over the column leaching period. 
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3.3.3 Batch Leaching Test 
 
The TCLP leachate test uses an acetic acid solution as a leachant while the SPLP test 
substitutes a nitric and sulfuric acid mixture for the acetic acid to simulate acidic rain. A 
leaching test using mineral acid would be more representative of the kinds of acid that 
would accompany acidic precipitation. Table 5 presents batch leachability (TCLP, SPLP 
and water) results for both sludges. The amount of zinc and nickel released during the 
TCLP test was quite high with values respectively of 264 mg/L and 3.8 mg/L for the 
Faro sludge. The UKH sludge also showed high zinc and nickel mobility with values of 
17 mg/L of Zn and 3.1 mg/L of Ni. The SPLP method revealed lower metal mobility for 
Zn and Ni which were in the mg/L range.  
 
The batch tests (TCLP) revealed that zinc and nickel would be released to significant 
levels. The SPLP test uses an unbuffered acidic leachant and did not significantly 
increase metal mobility. The results of the SPLP were similar to the results with water 
alone and with the results from the leaching study. Compared to the SPLP and the 
column leaching study, the TCLP is a much more aggressive test such as the acetic 
acid has a buffering capacity and the SPLP had a slight acidity. As a result, the final pH 
of the acetic acid test is much lower thereby mobilizing more metal. 
 

Table 5 - Chemical leachability of the Faro and UKH sludges 
 

 Faro (µg/L) UKH (µg/L) 
Parameter TCLP SPLP Water TCLP SPLP Water 

As 3.85 < 0.48 < 0.48 0.69 < 0.48 < 0.48 
Al 117 < 5 < 4.4 125 8 8 
Ca 1 439 000 561 000 554 000 1 729 000 129 100 134 600 
Cd 65.2 < 0.09 < 0.09 0.29 < 0.09 < 0.09 
Fe < 21 < 21 < 21 < 21 < 21 < 21 
Ni 3827 1.88 2.11 3097 < 0.98 < 0.98 
Pb < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 
Zn 264 400 2.6 < 0.5 17 480 < 0.5 < 0.5 

Final pH 6.50 8.85 8.90 6.03 8.90 8.95 
 
 
The SPLP and water leachate results are more representative and indicate chemical 

stability in the short to medium term. As long as the buffering capacity of the sludge is 

not depleted, metal leachability should not be a concern. 
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4.0  CONCLUSIONS 

 
 
1. The United Keno Hill as well as the Faro sludges are mainly composed of 

calcium carbonate. 

 

2. The origin of the carbonate in the sludge appears to be related to high levels of 

carbonate in the effluent during lime treatment, resulting in calcium carbonate 

precipitation. 

 

3. Heavy metals in the sludge would be stable for a long period as long as excess 

 alkalinity is present. 

 

4. Both mine sites have excellent potential for lime treatment optimization. 

 

5. The percent solids during the study reached values near 60% for both sludges. 

The increase in solids content was mainly due to gravity dewatering rather than 

from the freeze-thaw effects. 
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Figure B1: XRD pattern of the lime used at the UKH mine site 
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Figure B2: XRD pattern of the lime used at the Faro mine site 
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