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REPORT SUMMARY

The search for a viable tailings dewatering technology will intensify as the alregdy la
guantities of liquid waste products generated by the oil sands industry grows and tailings
storage facilities fill nearer to capacitiRGC Engineering Inc. (BGC) conducted a

review of existing tailings technologiésr the Oil Sands Research and Imf@tion
Network(OSRIN)

Over the years, many technologies have been proposed and field tested but they have
been rejected for lack of technical or economic feasibiM¥th no unique and

acceptable solution yet in sight, research is now focusing omsshehich utilize more
than one technology and combigithem into a disposal package.

This report presents an-depth review of the stataf-knowledge related to oil sands fine

tailings treatment technologie&ll information is from publicly availablsources at the

time of writing. The aim of this report is to serve as a fundamental planning document

for future research initiatives by OSRIN and other research agencies to support, promote,

and i mprove the o0il sandsechalieahgesdinetailings capabi |
management.

BGC and OSRIN compiled these references by contacting industry, government, and
universityresearchers, as well as from searches of electronic databases and our own files.
We identified 34 oil sands tailings treatment technolotifiasare discussed and analyzed
from a fundamental and practical point of vielthe technologies were divided into

five groups: (i) Physical/Mechanical Procesd@s Natural Processes, (iifhemical/

Biological Amendments, (iv) Mixtures/Gdisposal, and (v) Permanent Storage.

Considerable research has been conducted to date to develop improved understanding of
tailings behaviour, as well as the performance of various treatment technologies so the
body of literature in this area is very largé/e have collated a large number of

references from which this synthesis was developed, and provided these references in a
pdf format for more irdepth review by researcherResearchers are encouraged to
undertake their own detailed review of available references to better understand what has
been done and learned to date.

CAVEAT

BGC Engineering Inc. (BGC) prepared this docunienthe account of the Oil Sands
Research and Information Network (OSRIN). The material in it reflects the judgment of
BGC staff in light of the information available to BGC at the time of document
preparation. Any use which a third party makes ofdbisument or any reliance on
decisions to be based on it is the responsibility of such third paB@8€& accepts no
responsibility for damages, if any, suffered by any third party as a result of decisions
made or actions based on this document.

Vi
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1 INTRODUCTION

BGC Engineering Inc. (BGC) was requested by the Oil Sands Research and laformati
Network (OSRIN) to describe the state of knowledge related to technologies for oil sands
tailings treatment technologies based on available literafire.objective of the scoping

study is to help facilitate research and information sharing amo ngegyvaf

stakeholders and establish an understanding of the status of tailings treatment technology
in the Athabasca Oil Sands Region (AOSR).

This report presents a review of the staké&nowledge related to oil sands fine tailings
treatment technologiesAll information is from publicly available sourcesailable at

the time of writing The aim of this report is to serve as a planning document for future
research initiatives by OSRIN and other research agencies to support, promote and
improvetheoilands i ndustryds capabi lfindtallingso deal
managementA companion report produced by BGC in collaboration with OSRIN
summarizes emergent technologies for reelaon of tailings deposits in the region
(BGC2010).

BGC staff ha been directly involved with oil sands tailings reclamation research,
development, design, and operation over the past 15 years and have incorporated this
experience into the report.

1.1  Background

Certain areas of the oil sands of northern Alberta are naindgrocessed for the
production of bitumen.The extraction of bitumen from sand using hot or warm water
processes produces a slurry waste that is hydraulically transported and stored within
surface tailings pondsThe fastsettling sand particles segetg from the slurry upon
deposition at the edge of the tailings ponds while the fine fraction accumulates in the
center of the pond and settles to become mature fine tailings (M¥thpugh most of

the water is released and recycled back into the pro8é%s of the volume of MFT
consists of water (Chalaturnyk et al. 200RJFT only settles to about 30% to 35% solids
content after a few years of placement (Beier et al. 2088)f 2008, about 750 million
cubic metres of MFT exist within the tailingsmmts. If there is no change in tailings
management, the inventory of fluid tailings is forecast to reach one billion cubic metres
in 2014 and two billion in 2034 (Houlihan and Haneef 20083.0f the end of 2009,

there are more than 130 square kilometfesilings ponds in the oil sands region
(Government of Alberta 2010)The large volume of MFT requiring safe containment
and the vigilant management of capping waters represent a significant management
challenge and liability for the industry.

One of he major operational and environmental challenges facing oil sands mining is the
separation of water from the fine tailings to strengthen the deposits so they can be
reclaimed. A large amount of work over the past 40 years has been undertaken by
various esearch organizations and oil sands mine operators to characterize oil sands
tailings materials and to develop techniques for efficiently removing watkraever,

much of this work is not easily accessible to the public so these extensive efforts are not
widely acknowledged Some of these scientific and engineering advances are published
in diverse journals and specialized conferences making it a challenge to compile the



important literature.Other work has not been published in the open literatureatiur

Is contained in reports that may be more difficult to locate and obEimer components

of the research information gathered by the oil sands operators from field demonstration

tests are proprietary and not accessible to the pubhere are dpens of technologies

that have been proposed or tested for managing oil sands fine tailings but only a few
comprehensive summaries of the technologie® haen published¥evenny 200, Fine

Tailings Fundamentals Consortium (FTFC) 1995, Flint 2606y etal. 1993,Sims et al.

1984). Many of these technologies have previously bealuated as being too

expensive but might be viable under todayos

This report describes 34 oil sands tailings treatment technologies from a fundamdnta
practical point of view.The technologies werdivided into five groups:

(i) Physical/Mechanical Processes, (ii) Natural Processes, (iii) Chemical/Biological
Amendments, (iv) Mixtures/Gdisposal and (v) Permanent Storage.

This report contains thellowing information:

1 A description of the statef-knowledge regarding dewatering of fine tailings
from oil sands mining

Individual sheets presenting concise information about each technology
A list of pros and cons of the different dewatering technel®gi

Summary tables comparing the different technologies

= =4 =2 =

A diagram showing the location where each technology fits in the tailings
treatment/dewatering process.

1 Identification of gaps in the knowledge required to better understand the
release of water frormediment within ponds and for creating dry stackable
tailings

1 Identification of research required to address these gaps
1 Figures, pictures and diagrams of some technologies

1 Alist of publidy-available relevant references for each technology
2 Tailings Explainedi From Extraction To Mature Fine Tailings

2.1  Tailings Production

There are currently (as of 2010) fqunoducingoil sands mining and extraction

commnies in the Fort McMurray area: Suncor Endrgy, Syncrude Canada LtdShell
Canada td. and CanadiaMatural Resourcdsimited Several more mines are under
regulatory review or in the proposal stagéhe extraction process usedthg Suncor

and Symwerude plants is referred to as the Clark Hot Water Extraction (CHWE) Process
and is bas# on the pioneermpwork of Dr.Karl Clark Clark 1939 ,Clark and Pasternack
1932), who used a combination of hot water, steam, and caustic (NaOH) to separate the
bitumen from the oil sandther operators use slightly different processes.

Figure 1 shows the steps in fhcess that transform ore to tailings using the CHWE.
The figure also shows the relative volume (numbers in parenthesis) of the components of



tailings along the path assuming a final production of one cubic metre of bitumen
(relative volumetrimmumbers tken from Flint 2005).

Bituman
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Figure 1. SchematicOf Historical Oil Sands Tailings Management

Processing begins with crushing of the excavated dhe. crushed ore is then
conditioned with warm to hot water, steam, and process aides such as @éaSi) or
sodium citrate (Shell only) and hydrotransported via pipeline to the extraction plant.
Bitumen is separated from the coarse fraction as a floating froth in large gravity
separation vesseld he bitumen froth is further processed to remove $wlals. Typical
bitumen recoveries range from 88% to 95% depending on oil sands grade and origin.
The extraction process prodgdarge volumes of high water content tailings composed
of sand, silt, clay, and a small amount of residual bituniieils.acommon practice for

the surface mined oil sands industry to define fines asnaili particles smaller than

44 um. The whole tailings slurry is approximately 45% to 55% solidpon deposition,
the whole tailings segregate with the sand plus abouhdhef the fines dropping out to
form dykes and beache3he remaining water, bitumen, and fines flow into the tailings
pond as Thin Fine Tailings (TFT) at approximately 8% solids content (the fines go with
the water). After a few years the fines settle 30% to 35% solids and are referred to as
Mature Fine Tailings (MFT).This MFT will remain in a fluidlike state for decades
because of its very slow consolidation ra&fagperski 1992, fcKinnon 1989.

Significant portions of the fines remain in suspensafter deposition resulting in a
tailings management challenge for the industry.

Oil sands tailings are not a consistent proddtte volume of solids, fines, and bitumen
presented in Figure 1 can vary over a wide range, depending on variationsrie fitten
the mine, and on various operating and upset conditions within the extractionlplant.



summary, for every unit volume of bitumen recovered, there are 7 to 8 volume units of
wet sand and MFT that need to be handled, and 10 volume units of reaield and

make up) that are pumped around the system (Flint 208&ut 65% of the water used

in the extraction process is recyclethe balancé about 3 cubic metres of water per
cubic metre of bitumen is trapped in the tailings pond and the patthe sand in
beaches and dykes (Flint 2009)his water is responsible for continually rising pond
volumes. To reduce volumes of water stored and improve trafficability of the deposits
for reclamation, these entrapped waters need to be removed witbr m@proved

tailings treatment technologies.

2.2  Basic Tailings Properties

Athabasca oil sands (Cretauis McMurray Formation) is a mixture of bitumen, mineral
matter, and water in varying proportiorishe bitumen content ranges from 0% to 19%

by total massaveraging 12%; water varies between approximately 3% to 6% by total
mass, increasing as bitumen content decreases; mineral content, predominantly quartz
sands and silts, and clay, varies between approximately 84% to 86% by totalQlagss.
are presenn the McMurray bitumeftontaining deposits in thin discontinuous clay

layers (Chalaturnyk et al. 2002).

The major clay components of the McMurray Formatoe 40% to 70% kaolinite,
30%to 45% illite with up to 10% mixed layer illite/smectite (Chalatureylal. 2002).1t

is believed thaillite in and mixed layer clayarelargely responsible for the processing
and compaction pblems in oil sands extraction and fine tailings disposak more
active clays, perhaps somewhat degraded by weathering actibn of caustic soda, and
coated with bituminous residues appear to be the main cause of-the gélucture
formation in the tailings and for the ion exchange mechanism in the tailings ponds
(Chalaturnyk et al. 2002).

The fundamentals of the forniam of low density fine tailings deposits are still poorly
understood, despite enormous research effdtris.known that clay minerals, in the

presence of caustic soda, possess an enhanced negative surface charge which promotes
dispersion of the partie$, inhibiting their sedimentation and consolidati@ispersion

of the clays, which is necessary for efficient bitumen extraction by flotation, prevents
rapid dewatering (sedimentation and consolidation) of the tailings chdaing sodium

ions (as castic) to the oil sands extraction process exacerbates this undesirable condition
as far agailings disposal is concerned.

The dispersant effect of these monovalent sodium ions can be counteracted and
controlled to some extent by the addition of divaleaitiom ions. This cation exchange
process and the affinity of calcium ions for the clay surface play an important role in
many all tailings treatment strategies (Mikula et al. 2008).

The water holding capacity of MFT and the slow consolidation rate isrges by the
surface properties of the mineralBhe forces that affect colloidal particles in suspension
and determine the final settled volume, hydraulic conductivity, and strength of the
material have four essential components (FTFC 1995): electopsiiatiic, Van der

Waals, and hydrationA knowledge and understanding of these components will help
explain why so many conventional solutions to the clay slurry disposal problem have



been unsuccessful in the oil sands industrigere are a number of portant knowledge
(technology) gaps (Flint 2005) identified iretbil sands industry including:

1
1
1
1

Quantification and modeling of the fine tailings dispersion
MFT morphology and characteristics

Sand, clay, organics and water interaction in tailings
Role of diemical additives in modifying tailings properties.

Some basic geotechnical properties of MFT are summarized as follows (FTFC 1995):

T
T

The mean particle size of the fine tailings is between 5 pm and 10 pum.

The average solids content of MFT is about 33% wlsi@n average void
ratio of 5.

The hydraulic conductivity of the MFT is in the range of 1X16 1x10° m/s
which accounts for its slow rate of consolidation.

The liquid limit ranges from 40% to 75%.
The plastic limit ranges from 10% to 20%.

The viscosiy varies from 0 to 5000 cP and it increases as time passes (after it
is disturbed or deposited).his time dependent behaviour is termed
thixotropy.

MFT shear strengths are typically much ldsnt1 kPaife., it acts as a
fluid).

2.3 Objectives in Treating Tailings

The main objective in treating the oil sands tailings is to remove water so that a
trafficable loadbearing surface can be produced within a reasonablefitémme to allow
subsequent reclamation, and the resulting deposit is no longer findbidl no longer
require darlike containment.

The number of stages used to dewater the tailings, and the timing thereof, depends on
several factors:

T

= =4 =4 4 -4 - -

Technical feasibility (does it work?)

Dewatering efficiency

Optimizing moisture content for pumping or otltgpes of transport
Winter operation

Timely reclamation

Operational practicability (is it practicable on a large scale?)
Costeffectiveness (is it affordable?)

Robustness (can it deal with the variability in the tailings consistency)



The optimal treatmerdtrategy may involve several stages of dewatering, using a number
of different technologiesA long list of techniques have been conceived, developed and
tested over a period of many years and by a variety of industries with similar problems.
It quickly becomes apparent that, technically, the area of dewatering industrial sludges,
slimes and mine waste tailings resembles that of aplalighed field and the probability

of developing an entirely new technique successfully is becoming less likely as time
advances.These different technologies are discussed further in Section 3.

2.4  Tailings Challenges

Tailings management practices at the operating plants over the last four decades have
resulted in large inventories of MFT requiring long term storage withid dantainment
structures (Houlihan and Haneef 200&his inventory will be further referred to as

legacy tailings Although less than 10% of the total bitumen reserves in the Athabasca
deposit are amenable to surface mini@gvernment of Albert2010, this method of
extracting bitumen from the oil sands is currently the most economic and may remain so
for some time.

Water management is also an issue for these mine sites in addition to managing large
volumes of fluid fine tailings.The mines are cumély operating under a zesffluent
discharge policy preventing release of accumulated praféssed water.Tailings
management is thus intimately related to thewitke water balance and the provision of
reclaim water to the extraction plartontnual recycle of process water (tailings release
water) to the extraction plant has led to a bujtdof dissolved ions within the recycle
water. Elevated ion concentrations can lead to various operational problems including
poor extraction recovery, saad/fouling of piping and equipment (Beier et al. 2009) and
create future environmental problems for water release and treatierd.fresh make

up water must be brought onto the sites to reduce the ion concentrations to specified
levels.

Oil sands tailngs also contain a residual amount ofextracted bitumen which impacts
the characteristics and behaviour of the tailings, and introduces operational complexities
(Sobkowicz and Morgenstern 2009).

Due to the abundance of ore deposits, many of the misedeae highly constrained in
available surface area on which to dispose of wadterburden dumps, tailings ponds,
dedicated disposal areas (DDA), thin lift dewatering areas, and other waste disposal
facilities all compete for limited otaf-pit and inpit space.For this reason, considerable
research has been conducted in recent years in an effort to identify ways of reducing or
eliminating the environmental concerns associated with reclamation of these wastes.

3 TAILINGS TREATMENT T ECHNOLOGIES

3.1 General

The technologies available for dewatering oil sands tailings are presented here for the
purpose of understanding them better; in particular for understanding why many have
been judged inadequate and have failed to gain acceptance commefdialty-four
technologies are discussed and analyzed from a fundamental and practical point of view.



The technologies have been divided into five groups:
1 Physical/Mechanical Processes
9 Natural Processes
1 Chemical/Biological Amendments
1 Mixtures/Codisposal
1 Permanent Stage.
The following information is provided for each technology:
1 A brief description of the technology
1 Pros, including benefits and advantages
1 Cons, including challenges and disadvantages
1

Knowledge gaps: this includes an assessment of what is missing, what
research needs to be conducted to take the technology to the next level or
stage. The information provided is based on available published literature
and the authorsd opinions

1 Stage of Technology: providing an assessment of the maturity of the
technology Four stages are considered: Basic research, Applied research
and demonstration, Commercial demonstration, and Mature (operates
commercially).

These stages are not well defined transitions but are notional in coidgpt.or costs

are relatively mod# in the early stages, where basic and applied research are
characterized by small scale experimentation to advance knowledge or prove concepts.
Some refer to thi scosmpaegtei taisv edoe voerl ofipei nnagb | fipnrged
When the understandiraf a given technology has reached a certain level, work begins in
the development phase to focus on means to commercialize the technology, and this
moves into the much more costly work, often with intensive piloting and large scale
prototypes.In the conéxt of the work under review here, this stage is often funded by
the eventual user because the development of marketable commercial know how and
other intellectual property is involved, sometimes protected by new patents and the
results are consequentlyrsetimes kept confidentiaBrief descriptions of these stages
(modified from Flint 2005) are presented below.

It should be noted that basic research program may cost a hundreds of thousands of
dollars, pilots several million dollars, and commercial immatation hundreds of
millions of dollars. Tailings management over the life of a mine will cost several billion
dollars. Failure of a tailings technology may have even more costly impacts on
production or the environmenfccordingly, only a few technogies reach the pilot
stage, and fewer to the commercial scale; there are often considerable difficulties in
scaling technologies that work well in the lab.

Basic researchis often performed in universities, as well as government labs and
industry researclabs. The intent of the work does not necessarily have any defined
commercial intent but is designed to extend the frontiers of knowleBlgsic research



provides improved understanding of the processes and development issues towards the
more commerciastage of developmenBasic research is characterized by
experimentation and frequent failure or dead ends.

Applied research and demonstrationoccurs when an individual industry player (or a
consortium) sees a potential commercial value and startsdaafiditional research to
help accelerate scientific understanding but now focused toward specific commercial
objectives. This stage is normally responsible for the most accelerated phase of the
technology development or understandigeld pilots may beun as part of this stage.

Commercial demonstrationt During this stage of research, technologies typically move
from precompetitive status towards the potential for commercial application and
individual industry players will move to development to meehmercialization
timeframes. This work is devoted to development, often with large prototype operation.

Mature (operates commercially) is when the technology operates commercially at full
scale.

We have classified each of the 34 technologies accorditgstscale for oil sands
applications.In some cases, we have indicated where this technology is well developed
outside the oil sands industry.

Summary tables (11x170 sheets) have been pre
among the different tecbifogies (seé\ppendix1). Also, individual summary sheets
(8ix110), one for each technology, were prep
each technology, including a list of references relatezhth technologyséeAppen

dix 2).

Sobkowicz and Morgenstern (2009) developed a diagram Tiddohgs Technology

Road Magillustrating a variety of technologies that are available for dewatering/treating
tailings. The diagram shows ¢hpossible paths that the tailings may take from the point
where they are generated to their permanent storagepy of the diagram is attached

in Appendix3. We added in the diagram the locatishere we believe eadf the
34technologies reviewed in this report fit in the dewatering/treatment process.

Figures, pictures, and diagrams of some technologies are includedemdix4 as

visual aids to provide the reader a clear petirthese technologies.

3.2  Physical/Mechanical Processes

Physical/mechanical processes involve the use of a variety of technologies to separate the
water from the solids.

3.2.1 Filtered Whole Tailings

This technology consists of filtering the whole (unalteretiptgs stream.Filtration is
one of the most traditional methods for sdiglid separation.lt has been widely used in
other industries.

Filtering can take place using pressure or vacuum fdbeams, horizontally or
vertically stacked plates and hmwntal belts are the most common filtration plant
configurations.Pressure filtration can be carried out on a much wider spectrum of



materials though vacuum belt filtration is probably the most logical for larger scale
operations.

In the mid1990s, pilotscale tests were conducted on a different bitumen extraction
process known in Albertads oil sands industr
Experiments were carried out to determine if direct vacuum filtration of the whole

tailings would work. Many of these experiments were unsuccessful, as it was found that
the coarse particles would naturally settle relatively quickly and would build up a thick
porous filter cake however the slower settling fines would gradually settle onto the
surface of this cake aralind it (creating a thin film of very low hydraulic conductivity
material), thereby effectively shutting off filtratioue to the extremely large volume

of tailings to be processed and lack of regulatory pressure and incentive in implementing
dry tailings disposal, the filtration has never been implemented at the mature stage.
However, recently, it has been reconsidered as an option for tailings disposal by several
oil sands companied.arge surface areas per unit production are typically required.

The hydraulic conductivity (and hence the filtration) of the tailings can be enhanced with
coagulants or flocculantCoagulated and flocculated particles are larger and form a less
dense and more porous and permeable cake and therefore allow fastenfiltrat

Xu et al. (2008) conducted simple laboratsoale filtration tests to evaluate the
filterability of the oil sands tailings and to generate a parameter that can be used in
filtration scaleup. They indicated that the fines content plays a critiokd m filtering

the oil sands tailings and that it is impractical to filter original tailings with more than 4%
fines without using flocculantThe average fines content of the whole tailings stream is
about 18% and filtration of this type of tailingwéa with flocculant aids) seems
challenging and requires a large filtration area.

The use of preoat materials on the filter media can help optimize filter performance.
The coating of an inert material such as diatomite (or a sand blanket), protedtsrthe f
cloth septum from blinding and facilitates cake releag¢ewever, this technique may not
suitable for high volume, low product value applications, as it adds to operating costs
considerably.

Pressure filters consisting of horizontally or verticaligcked plates and vacuum filters
consisting of drums and horizontal belts are the most common filtration plant
configurations.Pressure filtration can be carried out on a much wider spectrum of
materials.

Filter cake is produced at sufficiently high sislicontent to truck or convey to a reuse or
final disposal site.The equipment selection to transport the filtered tailings is a function
of cost. Placement in the facility can be done by a conveyor radial stacker system or
trucks depending upon the ajgation and the design criterids with most mechanical
dewatering systems the need for settling basins, return water systems, and containment
area reclamation, as well as the piping and pumps to the settling area is minimized or
eliminated.

The main isgse associated with the placement of the filtered tailings by truck is usually
trafficability. The filtered tailings are generally produced at or slightly above the
optimum moisture content for compaction as determined in laboratory compaction tests



(Procor Tests).Addition effort to get closer to the Proctor optimum moisture content
can increase operational cost of a filtering system significaiiitys means that a
construction/operating plan is required to avoid trafficability problelhmay be

possible to place the filtered tailings in a loose state, but care must be taken to avoid
flowslides upon first time wetting, or to design and control access to restricted areas.

Syncrude (2008) conducted a tailings technology assessment for the purpdsetiofse
a tailings management strategy and corresponding technology platform for their mine
leases Syncrude (2008) eliminated filtration of whole tailings technology due to
concerns and uncertainty about the high capital and operating costs.

Filtered talings sand has a high value for an oil sands operation as it is easy to compact
into dykes and dumps, has fewer ions to leach out due to its partial saturation at
placement, and is relatively easy to reclaim.

Pros
1 Requires a small footprint for tailingtosage.
1 High recovery of process water.
T Filtration produces Adry tailingso for
1 Can be compacted.
1 Attractive to regulators.
1 Ease of progressive reclamation and closure of the facility, amenable to

concurrent reclamain.

1 Low longterm liability in terms of structural integrity and potential
environmental impacts.

Use of flocculants improves filterability significantly.
Dry tailings can be stacked at slopes greater than 10%.

No longterm consolidation settlements as@ected because of the low
moisture content(Some post reclamation elastic or collapse settlements may
still occur depending upon the density of the final deposit).

Cons

1 The process is costly due to the large amount of coagulant used and the high
capitaland operating costs for filtration equipment

9 Filtered tailings are no longer pumpable (low water content) and they need to
be transported by conveyor or truck

1 Often more expensive per tonne of tailings stored than conventional slurry
system, costly tortick and compact

The residual bitumen from extraction can clog the filters

Target only new tailings, not legacy MFT
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1 Some reports indicate it is impractical to filter whole tailings with more than
4% fines without using flocculant

1 Challenging winter opations
1 Water quality may be affected by flocculants (if used).
Knowledge gaps

1 Optimize various polymer parameters: ionic type, charge density, molecular
weight and dosage for a given tailings composition (fines content)

Further study the impacts of paters on water quality
Evaluate the filterability of tailings and filtration performance

Evaluate at large scale
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Investigate filtration systems that can deal with bitumen fouling and high
fines content

Stage of technology

1 Applied research (mature in sral noroil sands tailings industries).

3.2.2 Crossflow Filtration of Whole Tailings

Crossflow filtration gets its name because the majority of the feed flow travels
tangentially across the surface of the filter, rather than into the filtiee. main advantge
of this is that a thickness of the filter cake (which can blind the filter) is substantially
limited during the filtration process therefore the criew filtration can be operated for
a longer time compared to the other filtration methdtisan bea continuous process.

In crossflow filtration, the feed is passed across the filter membrane (tangentially) at
positive pressure relative to the permeate. si@roportion of the material which is
smaller than the membrane pore size passes throughetindrane as permeate or

filtrate; everything else is retained on the feed side of the membrane as retéfitate
crossflow filtration the tangential motion of the bulk of the fluid across the membrane
causes trapped patrticles on the filter (cake) sartfa be rubbed affThis means that a
crossflow filter can operate continuously at relatively high solids loads without blinding.

This technology is currently being investigated at the University of Alb&taeral
experiments have been carried ouassess the effect of filter membrane property,
tailings composition, tailings solids content and residual bitumen on the performance of
crossflow filtration of oil sands whole tailings (Zhang et al. 2009).

Pros
Higher dewatering rate is achieved by limg cake thickness.

Process feed remains in the form of a mobile slurry, suitable for further
processing.

1 Solids content of the product slurry may be varied over a wide range.

No chemical additive is required therefore no changes in the water chemistry.
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1 Target both new tailings and legacy MFT.
Cons

1 Performance may be affected by the variability of whole tailings composition
(fines content may affect performance).

1 Presence of residual bitumen may plug the membrane pores affecting
performance.

Knowledge gaps

1 It was found that increasing slurry velocity during crls® filtration
operation can improve filtrate rat&urther confirmation on influence of
transmembrane pressure and tailings slurry velocity on the performance for
various feeds (g., various fnes contentjs required.

1 Define variation of permeate flux and quality as well as cake characteristics
along pipe length (Ifill et al. 2010).

1 Investigate whether this technology can be used effectively on TFT and
MFT.

Stage of technology

i Basic research.

3.2.3 Filtered Coarse Tailings

This technology consists of filtering and dry stacking of the coarse fraction (cyclone
underflow tailings (CUT)) of the tailings slurtrywariants include adding some fines to
the mix prior to filtration CUT are usually strippedf @ome fines and water and are not
too dissimilar, although somewhat more variable, in composition than
composite/consolidated tailings (CT) (Sobkowicz and Morgenstern 2009).

Development of large capacity vacuum and pressure filter technology has preésented
opportunity for storing tailings in an unsaturated state, rather than as conventional slurry
or in a paste consistency associated with thickened tailings.

Xu et al. (2008) found that the filterability of the coarse oil sands tailings (about 12%
fines)was relatively low However, after the fines were flocculated with the coarse
particles to form uniform flocs the filterability was improved by several orders of
magnitude The results demonstrate that filtration of the flocculated coarse tailings to
poduce the fidryo stackable tailings may

Similar to the previous technology (Section 3.2.1), filtered tailings are transported by
conveyor or truck and placed, spread and compacted to form an unsaturated, dense and
stable tailings stack (often taed a "dry stack’)Dr vy st ack facilities
require a dam for a retention structure and as such no associated tailing&polnd

project needs to assess the potential applicability for filtered tailings based upon
technical, economical, amdgulatory constraintsCompaction is required to avoid

creating potentially mobile deposits upon first time wetting.
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Benefits and challenges of this technology are similar to the filtered whole tailings
technology and they will not be repeated hdt#ewever, additional pros and cons are
described below:

Pros

1 Applicable without flocculants when fines content is less than 4% (Xu et al.
2008).

1 Viable method after flocculation for tailings with about 12% fines, which
correspond to the sediment underflownfrgravity settlers such a Primary
Separation Vessel (PSV) (Xu et al. 2008).

1 Low fines content can cause faster filtration and less blinding.

Operational costs are reduced if flocculants are not required may be
only practical with low fines content{% fines).

1 Results in a useful construction material with lower ionic contents.
Cons
Need to remove the fine fraction using a hydrocyclone or other methods.
Compaction or special handling procedures required for deposits.
High transport and deposition ¢es
Knowledge gaps
1 Same as filtered whole tailings technology in Section 3.2.1.
Stage of technology

1 Basic research and applied research and demonstration.

3.2.4 Filtered Thickened Fines Tailings

This technology includes filtration and dry stacking of thickemetenflow

(predominantly fines) Other fine tailings streams may include centrifuge fine tailings
and MFT. This technology has been proposed but it seems impractical due to the high
fines content The fines content of fine tailings can be as high as.9B&nchscale tests
(Xu et al. 2008) have demonstrated that filtering flocculated fine tailings with fines
content greater than 18% are very challenging andapsrimpractical at largscale.

Pros
Address legacy MFT.
1 Generate dry stack tailings with therefits described in the previous
technologies.
Cons

1 Filterability is relatively low, due to the high fines content.
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Knowledge gaps

1 Need to identify polymers (flocculants, coagulants) that can deal with high
fines content tailings and make the filteringmneffective.

Stage of technology
i Basic research.

3.2.5 Centrifuge fine tailings

A centrifuge applies up to thousands of times the force of gravity to extract fluid from
material The outlet stream yields solids content of about 60% (Devent)20he

overflow stream yields water, bitumen, and a minor amount of .fi@Entrifuges are

used extensively in oil sands froth treatment but they have not been used to process MFT
commercially Centrifuge technology to produce dry tailings was evaluated in the past
with some success but the cost was unacceptable at thatXibetter appreciation of

the costs of MFT storage has prompted-avaluation of this technologyThe use of

additives to improve centrifuge performance has significantly improved the residts w

can be achievedCentrifuge technology has been developed at bench scale at CANMET
(Mikula et al. 2008, 2009) on Athabasca oil sands fluid fine tailings and has been
successfully piloted in demonst.rHawevepn pl ant s
testing at full scale is needed to properly evaluate the potential of this technology.

In the case of the large scale oil sands operations, implementation of a dry stackable
tailings management option based on centrifugation of the fluid fine tailingequire
verification of several operational issuekhese include the centrifuge performance of
higher clay to water ratio fluid fine tailings, as well as the logistical issues around
transporting a solid rather than slurry tailings and the traffitghoif the resulting

deposit, which is likely to start near its liquid limit in terms of consistency.

Syncrude sees MFT centrifuge dewatering as adwp process (Lahaie 2008Jhe first

step involves MFT dewatering using horizontal solid bowl! scraitrifiege technology

with flocculant addition, forming two streams: centrate., relatively soliddree water
having 0.5% to 1% solids, returned to the tailings water system for recycle; and cake, a
60% solids soft soil material capturing greater tha® ®f the solids Cake is roughly

half the volume of the original tailings.

The second step involves subsequent dewatering of the cake by natural processes;
consolidation, desiccation and freebaw via 1 to 2 m thick annual lifts, delivering a
trafficade surface that can be reclaimed.

Suncor and Syncrude jointly evaluated available centrifuges and tested a small 5 tonne
per hour centrifuge as a means to process MFT (Suncor.2088)underflow from the
centrifuge process was deposited as a paste ceimpprimarily fines with a solids

content of 55% to 60% solids to-pit beaching areas where material could be reclaimed
in place.

The process appeared promising and Suncor considered a larger scale field trial of this
technology in its application (Sumic2009) for the Tailings Reduction Operations (TRO)
Experimental FacilitiesThe primary issue with this technology was the capability to

scale up centrifuge sizes from those currently available to units with sufficient capacity to
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costeffectively treathe volumes of MFT involvedSuncor withdrew the centrifuge

component of the proposed experimental facilities because of unfavourable economics of

the process coupled with the conclusion that MFT drying was a superior technology as
demonstrated by the nbnuing success of the MFT drying process at the Pond 8A test

facility. Suncor is continuing to monitor industry development of this technology
Specifically, Suncor will monitor Syncrudeos
sharing agreements.

Syncrude began bench trials of this technique in 2005 (Lahaie 2008), progressing to a
two-monthlong test in 2008 focusing on MFT flocculation and the centrifuge process, as
well as on preliminary cakeransportation assessment involving conveyors, pesiti
displacement pumps and a pipelinrew o A p o d s éscale tentofugésfwere | d
operated in parallel, using two Alfa Laval Lynx 40 (nominal 400 mm diameter) machines
running in parallel to provide centrifuge cake for transportation assessment and bulk
materials for geotechnical and environmental studfesother MISWACO 518

centrifuge (nominal 355 mm diameter) was used to gain MFT flocculation and MFT
centrifuge process understanding, flocculant optimization studies and centrifuge
operational paramet@ssessments.

These tests showed promisghe technology is robust, with solids throughput on target
and high solids capture in cak€entrifuge cake transportation and deposition results
also were encouraging and equipment scoping studies were pfan2€®9, with
centrifuge scaleip progressing from the nominal 400 mm to 1,000 mm diameter
machines (Lahaie 2008).

Commercial scale demonstration of this technology is scheduled to begin in 2012
(Syncrude 2008) with annual plant MFT volume inputs in grge of 1.5 million cubic
metres of MFT, using MFT inventories as feedsto8incrude proposes to place the
centrifuge cake deposit on a tailings beach for the demonstration .pBembsiting the
centrifuged MFT on a beach would allow easy access fbandle of the material if
required In 2015, centrifuged MFT deposition will begin in the North Mine.

Pros

Requires relatively small storage area
Recover large amount of process water
Insensitive to bitumen fouling

Addresgslegacy MFT
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The solid bowkentrifuge is a continuous feed operation typically requiring
reduced labour and operator effort

1 This technology is also noted as being the best technology for most oll,
water, and latex sludge streantsiter cake can be produced at a sufficiently
high solids content to truck or convey to a reuse or to a final disposal site

1 As with most mechanical dewatering systems, the need for settling basins,
return water systems and containment area reclamation, as well as the piping
and pumps to the settling ansaminimized or eliminated
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1 Resulting deposit may be trafficable to specialized equipment and suitable
for hydraulic sand capping or reclamation

1 Allows processing of tailings that is decoupled from the extraction process.
Cons
High upfront capital and agpating costs

1 There may be issues with scalp and trafficability (soft ground conditions
can impede progress)

Transporting centrifuged cake may be challenging
Does not target new fines

Operation of a centrifuge requires a higher skill level and & rexperienced
operator

1 Requires a greater amount of electric power compared to filter press and belt
press technologies

1 The solid bowl centrifuge functions as a secondary dewatering step
necessitating a prickening step; usually accomplished by a @ontional
thickener or clarifier This technology must be considered a step in a more
complex process and is not applicable as a saéonk dewatering system.

Knowledge gaps

Flocculant optimization

Cake transportation issues: conveyor and positive dispiant pump.
Need to evaluate centrifuge operational parameters and performance.

Centrifuge scaleip studies.
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Need to further assess dewatering of centrifuged cake by natural processes
and determination of optimal lift thickness.

Stage of technology

1 Applied research and demonstration.

3.2.6 Thermal Drying MFT

This technology consists of heating MFT in an oven/kiln to reduce the moisture content
of MFT. Thermal drying can remove water from fines to a significantly higher degree
than all other dewatering process&olids content reaching 90% is attainable but the
slurry is typically dewatered to a minimum of 18% to 20% solids before it is directed to
the drying facility (BCl 2007) This technology has not been pursued due to its high cost,
but such a cost mayrim an upper bound for fine tailings treatment.

Pros

1 Thermal MFT drying eliminates water and diminishes the volume of the
MFT by a factor of4to 5
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1 It lowers the transportation cost and facilitates starage

1 Rapid removal of moisture in MFT.
Cons

1 Thermal dying is noted for its higlenergy demand.
Knowledge gaps

1 Environmental impact from vapor generated from the thermal drying.
Stage of technology

1 Basic research.

3.2.7 Electrical Treatment

The electrical treatment technology is the application of a direct cip&)telectric
field to a clay slurry The electrical field causes negatively charged clay particles to
migrate to the positive (anode) electrode, resulting in accelerated sedimentation
Electrical methods have been investigated for their possible ussviter MFT (Flintoff
and Plitt 1976, FTFC 1995)I'he principles of electrokinetic dewatering are
electrophoresis, dielectrophoresis, and eleosmosis (Shangnd Lo1997).

Electrophoresis is the movement of electrical charged particles in a dirssito{idC)
electric field; dielectrophoresis is the movement of the particles in-aimidorm electric
field (can be either AC or DC); and electvzemosis is the water flow in porous media
induced by a direct current (DC) electric field (Shang Lo1997)

Electroosmosis is not applicable in a dilute clay suspension in which soil particles move
freely in water and there is no porous grain skeleton to act as capillrigss case, the
effect of electreosmosis is negligibleWith the increase of saliconcentration during
sedimentation, there is a transient period during which a dilute clay suspensiotin¢solid
water) is gradually converted to a porous clay mass (vimswlid). During the transient
period, electreosmosis becomes increasingly sfgaint until it replaces electrophoresis

as the dominating electrokinetic phenomen@he relative significance of

electrophoresis and electoemosis in a sedimentation process has not been
guantitatively defined (Shang 1997b).

Attempts to use electrosmotic techniques to dewater phosphate clays in Florida date
back over 20 yearsWhile the technology "wodl appear to have promise"
(U.S.Department of the Interior 1983) it was "not considered commercially feasible"
except, under special circumstancesdoese of the slow dewatering rate of the clay
wastes Significantly increasing the dewatering rate was possible but involved
prohibitive energy costs.

In recent years there has been an interest in the possible combination of surcharge
preloading, verticadlrains and electrosmosis to consolidate clay soiRorie 2009,
Mohamedelhassan 2008hang 1998, Shang et &009).

There are no instances of very laiggale implementation of the concept in this type of
application. Possible reasons for this wemeggested by Shang and Lo (1997) as
including high power consumption, indiscriminate use of the technique and an
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improperly designed operating system, problems with corrosion of the anodes (and metal
loading to the tailings), and difficulty in collectirgynd removing water drained to the
cathode Intrinsic to these difficulties may be a limited understanding of electrokinetics.

Electc al tr eat ment i s tecbhnolegpwlith little flll-seate e mer gi ng
information available.

Pros
Electrophoresisan be employed in the treatment of slurries

1 Electroosmosis becomes significant when the slurry is gradually converted
to a porous soil mass

Can be used in conjunction with surcharge loading and wick drains
Can also be combined with conventional fipeesses.
Cons
Involves very high energy costs
Applicable to relatively narrow range of materials (primarily silts)
Difficulty in removing supernatant liquid

Problems with corrosion of the electrodes

= =4 4 4 -

Considered afn e me rtechnalagy with little-to-no plantscale use or
information available.

Knowledge gaps
1 Need better understanding of electrokingtic
1 Need to research problems with corrosion of the electrodes
1 Collection and removal of water drained to the cathode.
Stage of technology

M Basic research.

3.2.8 Blast Densification

Blast densification or explosive compaction is a densification technology that is
predominantly used by the geotechnical community to pack loose, saturated, medium to
coarse materialsExplosive compaction is carried out by settingexplosive charges in

the ground The energy released causes liquefaction of the soil close to the blast point
and causes cyclic straining of the sdihis cyclic strain process increases pore water
pressures and provided that strain amplitudes and ensnath cycles of straining are
sufficient, the soil mass liquefies (i.e., pore water pressures are temporarily elevated to
the effective vertical overburden stress in the soil mass so that a heavy fluid is created)
(Gohl et al. 2000) Liquefaction of thesoil following by timedependent dissipation of

the excess water pressures cause®nsolidation within the soil masJhis re

consolidation happens within hours to days following blasting, depending on the
hydraulic conductivity of the soils and draggboundary conditions, and is reflected by
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release of large volumes of water at the ground surface or up blast c4dSihgg term"
volume change is also caused by passage of theitdagted shock front through the soil
mass Close to the charge detation, the hydrodynamic pressures are large enough to
cause compression of the saihiter system even though the bulk compressibility of the
system is relately small (Gohl et al. 2000).

Blast densification trials were conducted attempting to densiseltailings sands in a
tailings dike at Suncor Oil Sands (Fordham et al. 1991) and also at Syncrude
Densification of the sand was undertaken to reduce the potential for liquefaction
Blasting was considered to be a suitable method, based on a séi&st dknsification
trials to determine acceptable drilling and loading techniques, the effects of blasting on
nearby structures and charge densifyme dependency of the densification of the sand
was observed based on cone penetration test (CPT) mmasusemade immediately

after blasting and again four months laténitially, the sand appeared to be as loose or
looser than prior to blastingHowever, after four months, the increases in the density of
the sand were observedhe time dependency waslieved to have been due te re
establishment of intergranular frictional contacts among sand particles.

Blast densification of fluid fine tailings to temporarily break the thixotropic bonds and
allow rapid consolidation of thick tailings deposits has mdgeeceived some interest.

Pros

1 Usalto pack loose, saturated, medium to coarse sands.

Eliminate the potential for liquefaction.

Cons

1 Densification is not an instantaneous phenomenon.

1 Possibility to damage nearby retention structures (dykes, dams).

1 Requres monitoring (surveying, pore pressure).
Knowledge gaps

1 Need to understand time dependency process.

1 Behaviour of fine tailings during blast densification
Stage of technology

i Basic research.

3.2.9 Wick Drains

Consolidation of soft compressible soils involvies temoval of excess pore water from

the soil This is traditionally done by applying a surcharge or preload on the construction
area to squeeze out the watkinfortunately, compressible soils often also have very low
hydraulic conductivity and as suchiater is not easily nor quickly removed and the
consolidatbn time is unacceptably long.

Prefabricated vertical drains (also called wick drains or band drains) greatly facilitate the
dewatering process by providing a suitable conduit to allow the poes teatscape very
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quickly. Vertical wicks can be economically installed at close spacing, shortening the
flow path of the water, and thereby expediting the consolidation proCessolidation

of soft cohesive soils using wick drains can reduce settletimegs from years to

months.

In 2009, Suncor conducted field trials of vertical wick drains installed in very high fines,

low density tailings in Pond 5 (Wells and Caldwell 200Bjeliminary findings indicate

that vertical drains are capable of dewaigwery soft fluid tailings within oil sands CT

ponds Wells and Caldwell (2009) reported that laboratory testing was undertaken at the
University of British Columbia to evaluate t
the geotextiles commonly ed in wick drains The laboratory testing indicated that there

was no evidence of clogging of nonwoven geotextiles with apparent opening sizes (AOS)

of 90 um and 21Qum and that there was some evidence of very minor piping with woven
geotextiles with an &S of 300um.

Suncor is currently conducting field trialswick drains in CT deposits.

Pros
1 Accelerate the consolidation process reducing settlement times from years to
months.
Allows an accelerated placement of a final reclamation cover.
Address legacMFT/CT volumes.
Cons

1 Wick drains may not retain their shape and integrity over time due to large
settlement.

1 As water is drained from the tailings, selille tailings begin to form around
the wick drains and hence the hydraulic conductivity of these ialster
begins to impact flow rates in the wick drains.

Clogging of wick drains.
May require surcharge loading.

Difficulty getting equipment onto the soft deposit.
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Costly due to close spacing of wick drains.

Knowledge gaps

Need to conduct largecale tests tassess viability of this technology.
Evaluate clogging of the wick drains in the field.

Evaluate wick drain performance in conjunction with surcharge loading to
accelerate dewatering.

f  The mechanics of wicks is not well understood in materials that do not
exhibit effective stress (high fines CT and MFT).
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Stage of technology
1 Applied research and commercial demonstration.

3.2.10 Surcharge Loading

Surcharge loading offers a tirtested procedure for accelerating the consolidation and
dewatering process and increasthe rate of strength gain of poedgnsolidated clay

soils, but the low undrained shear strength of high water content tailings usually makes it
difficult to apply the surcharge without causing a stability failure and consequent mud
wave Typically a $srong geotextile or geogrid/geotextile combination is used to allow
placement of thin lifts of surcharge.

Suncor (2009) is currently conducting field trials of surcharge loading (sand or additional
coke layers) in conjunction with wick drains in CT dep®si

Pros

Accelerates the dewatering process.

Coke cap can be placed on top of MFT by-agbieous discharge.
Use of geosynthetics can prevent mud wave but it is costly.

Can be used with wick drains to accelerate consolidation.

= =4 4 A

A few feet of surcharge is nessary to form a pad on which equipment can
operate.

1 Drainage blanket installed at the bottom can accelerate the dewatering
process by applying a partial vacuum to the system.

1 Allows for trafficability of the deposit.
Cons

1 Difficult to place the surchargeap on top of the MFT.

1 Stability issues during cap placement (mud waves).

1 Clogging of geotextile separation blankets remains a concern.
Knowledge gaps

1 Evaluate floating loading using geosynthetic reinforcement.

1 Evaluate placement techniques for optimagbliementation.

1 Evaluate performance with wick drains to accelerate consolidation.
Stage of technology

1 Applied research and commercial demonstration.
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3.2.11 CT under MFT

Unlike the cedisposal approach, which involves mixing of tailings, this technolsyyg
CT placed beneath MFT was proposed to improve the CT release water quality and the
solids densification rates of both CicaMFT.

Syncrude conducted a pistale field demonstration test in 1995 to study this

technology (referenced by Luo 2004ljhe purposesf this CT beneath MFT deposition
were to improve the CT release water quality and MFT densification rate, and to see if
the CT densification rate will be adversely affectdthe field demonstration test

indicated that the CT beneath MFT deposition itetiachanges that were beneficial to
tailings disposal, with respect to the release water quality and densification rates of both
MFT and CT.

Luo (2004) conducted research using laborasmale static column mesocosms to study
the physical, chemical, andicrobiological changes occurring over time in this CT
beneath MFT depositionThe results were compared to those in the control systems
The study showed that over one year of incubation, the release water composition had
been altered by reduction in thencentrations of calcium and sulphate ions, and the
electrical conductivity; the MFT had a steady densification rate; and the CT had a
densification rate comparable to the control syst@ime author concluded that the CT
beneath MFT deposition may bdaneficial disposal scheme for oil sands tailings
management.

Pros
1 Improves quality of CT release water by reduction in the concentrations of
calcium and sulphate ions, and the electrical conductivity.
1 Improve CT and MFT densification rates
Cons

1 Effects ae modest
Knowledge gaps

1 Further research is necessary in a controlled laboratory experiment to better
understand the physical, chemical, and microbiological proce$es will
help to assess the viability of implementing fediale field testing.

Stage of technology

i Basic research.

3.2.12 Increase Tailings Sand Density

This technique aims to reduce segregation by increasing solids content of tailings sand
slurries in the pipeline prior to beaching.

Pros

1 High solids content slurry can be stacked at a sigmfistbbpe and will
promote dewatering by gravity drainage.
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1 The internal surcharge of coarse solids will accelerate the rate of dewatering
of the contained fines.

1 Formation of a partially segregating system.
Cons

1 Difficulty in raising the solids content ofraix high enough to give a product
which will stand on a slope, by blending existing slurries.

Difficulty in pumping high solids content material.

1 Surcharging (internal) does not significantly accelerate the rate of dewatering
unless flocculants are added.

1 Addition of solids, such as sand, only raises the solids content, not the
viscosity (segregation is not eliminated).

1 Equipment access may be an issue due to cyclic mobility (liquefaction)
during trafficking.
Knowledge gaps
1 Effective way of increasing tailgs sand density has not been found.
Stage otechnology

i Basic research.

3.3 Natural Processes

Natural processes involve using environmental or geophysical processes to remove water
from solids.

3.3.1 Sedimentation/SeHneight Consolidation

Sedimentation and congtation are natural dewatering processes that use the force of
gravity to separate the suspended solids from the tailings stiBamstates of
sedimentation/consolidation are distinguished in the settling of suspended 3bids

first state, called hnidered settling, is characterized by the absence of interparticle forces
below the critical density and a reduced settling rate is caused by the increasing hydraulic
resistance during further dewatering of the pore volumehis case the whole weight of

the sediment is compensated by the buoyancy and the pore water pressure above the
hydrostatic level The second state is called consolidation and is defined by formation of

a sediment network structure above the critical density which is able to qaarya its

own weight MFT settlement is also resisted by repulsive forces between particles.

This technology has been used for 40 years in oil sands, but despité¢ tahi®ns of
dollars of research, understanding of the fundamentals of densificétigh-fines fluid
tailings remain elusive.

Pros

i Tailings are pumped directly to a disposal area and are allowed to passively
dewater while supernatant is decanted and recycled back into the process.
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1 Low cost, elimination of mechanical dewatering equiptmecessitated by
an accelerated process approach.

1 Maintenance requirements and operator expertise are minimal as the
approach is basic with limited technology.

1 Robust in that it is effective for widely varying feed characteristics.
Cons
Requires vast aas to provide sufficient storage.

1 Engineered dams may be required, with the associated construction and
maintenance costs.

1 Pumping logistics are to be considered with the generally increased distance.
Chemical treatment may be necessary to enhance regttlement.
Relatively slow process which resaiih only partial dewatering.
Knowledge gps

1 Need to better understand the interparticle forces inhibiting MFT to dewater
to higher solids content.

1 Sedimentation and consolidation analysis is of great pedatiportance in
slurry handling processe$edimentation and consolidation phenomena are
conventionally treated as two separate processes although in practice the
phenomena are interconnected and there is a need to analyze them together.

1 Animproved funémental understanding of the fluid toiddransition and
the concomitant strength development will lead to better design and
management of tailings facilitiedBoth sedimentation and consolidation
phenomena are reciprocally recognized but a unified-¢hieal formulation
that can correctly capture a transformation from sedimentation to
consolidation does not exist yet and current practice is often based on
empiricism.

Stage of technology

1 Mature (operates commercially).

3.3.2 Evaporation/Drying

This technologyonsists of depositing CT or MFT in thin lifts and allowing the lifts to
desiccate (remove moisture) by evaporative dryiAgomotion of natural drying is often
considered the most cestfective means of dewatering figgained material.

The potentialdr evaporation/drying as a technology is limited by the climate of Northern
Alberta Mean annual precipitation (rain and snow) in Fort McMurray from 1971 to
2000 was measured as 455 mm (Environment Canada,201@)ich, 363 mm were
measured between Apfi and October 31 (months with average daily temperature above
0°C). Yearly evaporation from lakes has been estimated at 578 mm (Abraham 1999)
leading to a deficit of 215 mmAlthough the oil sands exists in a water deficit
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(evaporation exceeds precgdibn), evaporation rates are typically less than the rate of
release water from the tailings.

To achieve maximum evaporation, excess surface water from precipitation or
consolidation must be adequately drained from the surface of drying tailiregeguate
drainage is not provided, desiccation of the tailings will not occur until the evaporation
rate exceeds the rate of water release from consolidation and precipitsgming all
precipitation is drained away from the surface of a tailings dephsipotential
evaporation is limited to about 3 mm/day.

Material properties such as particle size distribution, saturated/unsaturated hydraulic
conductivity and soilvater characteristic curve influence the availability and flow of
water to the evaporain surface In fine tailings where bitumen content is relatively

high, the bitumen may form a surface coating that thickens as the tailings deWaser
layer may impede moisture transfer from the tailings to the atmosphere essentially
reducing or haltig evaporation The presence of salts within the fine tailings leading to
salt crusting may also lead to a reduction in the evaporationTate may be due to an
increase in the tailings surface albedo, resistance to moisture transfer at the sdrface an
decrease in the saturation vapor pressure (Newson and Fahey 2003).

Suncor (2009) has conducted several sisizdle and largscale pilot tests to evaluate
methods to undertake MFT dryin@uncor investigated different chemical additives such
as hydratd lime/gypsum and polymershey indicated that the use of polymers
decreased the drying time, increased the allowable lift thickness (19 cm lifts), and
improved the strength and the release of free water from the MFT mixtug®09,

Suncor applied foregulatory approval for Tailings Reduction Operations (TRO)
Experimental Facilities to test MFT drying on a prototype sc@le the basis of

successful testing of MFT drying, Suncor (2009) indicated that it has a sufficient level of
confidence in the piess to incorporate MFT drying into its business plan, pending
regulatory approval Continued testing is focused on optimizing performance in the
field, rather than fundamental research.

It seems likely that drying or freezbaw will be an important coponent of future oll
sands fine tailings management, despite the large areas required and the vagaries of the
weather.

Pros

1 Resulting surface is trafficable with modest equipment and suitable for
additional layers for dewatering or sand capping and teeleeclamation.

Postreclamation settlement is expected to be small.

Development of natural cracks as shrinkage occurs provides drainage
channels for horizontal movement of water and additional surface area for
evaporation.

1 Tailings may be amended withhemical additives (polymers) to enhance
dewatering and increase slope angles.

! Suncor received ERCB approval for their Tailings Reduction Operations in June 2010.
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Cons

Requires surface water management.

Only thin layers can be treated and repeated through the summer.

Large areas are required to treat large quantities.

Need dyke structurgsell construction).

Salt crusting or bitumen on the surface may reduce the evaporation rate.
Vagaries of the weather can make this technology challenging to manage.
Requires nealevel sites to minimize earthwork.

Labour intensive.

High operational costs
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Trafficability of final deposit is still only modest.
Knowledge gaps
1 Cell configuration including degree of slope, length and width.

1 Cell management including MFT distribution, application rate, lift thickness,
mechanical compaction, and release watetro

1 Storage and preparation of polymer, including concentration and mixing with
MFT.

1 Effect of varying MFT constituents and/or solids.
1 Evaporation from cracked media
Stage of technology

1 Applied research and demonstration.

3.3.3 Accelerated Dewatering (rim tkhing)

This technology involves the deposition of a large volume of MFT in a dedicated cell and
the subsequent use of evaporation and rim ditching to accelerate dewatering to create a
final deposit of suitable density to support dry landscape reclamatios process relies

on the evaporation rate from the MFT deposit exceeding the rate of water release, thereby
allowing a crust to form on top of the deposit (Lahaie 2008)is crust in turn allows a
ditching network to be established that promotes @&urtlewatering and crust thickening

as the ditch is worked toward the bottom of the depdsiis technique lowers the water
table of the deposit accelerating the dewatering prodass pressure vehicles pulling
ploughs can be used to increase the expeagace area and promote surface drainage

by creating shallow ditches and encourages desiccation by evapotdserof chemical
amendments such as lime or gypsum to promote dewatering is a common feature of this
application (Fair 2008).

This technologyhas been employed successfully by the Florida phosphate industry for
the densification of large volumes of suspended fine clay parti¢les key of clay pond
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reclamation is the formation of cracks to enhance evaporation (Carrier 1997, 2001)
Cracks fom from the face of the ditch into the interior of the pond so that even distant
surface water can drain through the cracks into the ditch.

Syncrude started studying this technology by conducting bin tests at CANMET (Fair

2008) and then developing a 60,08dfield pilot test that started in 2009 he field pilot

test will be operated for several years, with the objective of providing planning and
geotechnical parameters and to act as a basis on which environmental assessments can be
carried out over thearnplete development cyciepond filling through to reclamation.

Pros
Proven technology in Florida with phosphate tailings.
Little intervention and low operational costs.
Standalone deposit.

1

1

1

1 Potential MFT volume reduction of 50% after three to five years.

1 Can be implemented in deep impoundments, 30 m plus (Lahaie 2008).
1 Formation of cracks accelerates the dewatering process.

1 Resulting soft material can be suitably capped and reclaimed.

Cons

Unproven in Alberta oil sands at commercial scale.

Expensive cheroal addition potentially needed to control bitumen fouling.
Large upfront capital cost to build dykes.

Requires additional disturbance footprint.

Deepening of the rim ditches requires judgement and experience.
Vagaries of the weather can make this teabgplchallenging to manage.

Labour intensive.
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Benches cut in the earth embankment are costly and time consuming.
Knowledge gaps

1 Need to engineer the operational method to implement it at large/commercial
scale.

Optimization of impoundment thickness.

Researh should be directed at accelerating the formation of the cracks in the
MFT.

1 Improved understanding of drainage and evaporation processes, especially in
cracked media.
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Stage of technology
1 Applied research and demonstration, mature elsewhere

3.3.4 Freeze/Thaw

This technology consists of depositing CT or MFT in multiple thin layers which are

allowed to freeze and then the frozen mass is allowed to thaw the following summer

The freezing cycles causes consolidatedisdilk e fAipedso to form, devel
structure throughout the deposit which quickly drains when thawecbnsiderable

amount of water is released when thin layers (5 cm to 15 cm) of MFT are subjected to

freezethaw cycles (Dawson and Sego 1993, Johnson et al. 1993, Proskin 1998).

Laboratoryinvestigation (Proskin 1998) demonstrated that the fréeee process
overconsolidates the MFT as the freezing front advances downward in the deposit
Suctions are created within the solids when water flows to the vertical and horizontal ice
lenses whiclHorm a three dimensional reticulate ice network surrounding peds of
overconsolidated MFETDuring thaw the remnant fissures developed by the ice provide
channels for fluid flow The microfabric of particles was observed to change from an
edge to face floculated, disaggregated carduse fabric to a compact, aggregated
structure The latter microfabric retains less water which accounts for the significant
increase in solids content from 35% to 56% (Beier et al. 2009 altered fabric

reduces the MFEompressibility and increases its hydragonductivity as much as
100fold at low void ratio (Proskin 1998).

A significant thickness of material can be treated by freeze/thaw if the freezing process is
repeated on top of a previously frozen lay&helimit of how much MFT can be treated

per year is probably related to how much can be thawed the following summer, as
calculations indicate that more MFT can be frozenkod McMurray winter than can

be thawed in the summer (Beier et al. 2009).

The effet of freezethaw dewatering can be enhanced via chemical amendment and
altering drainage conditionsSego (1992) investigated the effect of chemical amendment

of the MFT by adding sulfuric acid ¢3Q;) and replacing monovalent sodium cations

with divalentcalcium cations (from quicklime CaO) prior to freezinge found that

chemical amendment causes an additional 18% increase in solids content associated with
freezethaw.

Suncor is currently evaluating the freeabaw technology concurrently with the MFT
drying technology.

Pros
1 Low upfront capital cost.

1 Significant thickness can be treated by freezing subsequent layers on top of a
previously frozen layer.

1 Results in moderately low strength deposits up to 14 kPa in one year
(Dawson and Sego 1993, ProskB98) with low settlementsThis may
open up other reclamation optiorSuitable for hydraulic sand capping as
well.
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Cons

1 Thickness is related to how much can the thawed the following year (2 to
3 m).

1 Resulting material remains saturated and soft solyssmitable for hydraulic
sand capping or reclamation using specialized equipment.

1 Requires large areas and containment structures because of the thin fluid lifts.

Managing the pumping of fluids during extremely cold temperatures is
challenging.

Labour inensive.
Success subject to weather and operator diligence.
Knowledge gaps
1 Optimum lift thickness.

1 Understanding the likely final solids content/consistency in large scale
applications to develop effective reclamation strategies.

1 Development of a robust ogional system.
Stage of technology

1 Applied research and demonstration.

3.3.5 Plant (Evapotranspiration) Dewatering

Suitable plant species growing in high water content tailings can dewater the tailings by
transpiration through the leaves and associated rstrsyg (Johnson et al. 1993,
Silva1999) Plants can transpire large quantities of water during the growing season; the
rate of water loss may exceed that of free water evaporation and continue long after the
surface has become dry.

Research conducted Byiva (1999) shows that suitable plant species growing in CT
have the ability to remove the water through evapotranspiration increasing the matric
suction in the depositThis results in an increase in the undrained shear strength and
bearing capacity witin the root zone Furthermore, the plant root system provides fibre
reinforcement, which should also contribute to the increased bearing capacity of the
rooted tailings Plants can also draw water from depths that may be greater than that
achievable byther methodsHowever, highly saline and sodic tailings can limit the
establishment of vegetation.

Pros

1 Suitable plant species can grow in tailings removing water by transpiration
through the leaves.

Plants transpire large quantities of water duringgiieaving season.
1 Absorption of CQ by plant.
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1 Root development increases bearing capacity at the tailings surface
facilitating access of low pressure equipment for reclamation.

1 Vegetation can assimilate minerals and various organic toxic compounds and
much d this material can be removed by timely harvest.

Cons
1 High salinity of tailings can inhibit establishment and healthy growth.
Challenges getting seeds to develop in the depesgiirk best with seedlings.

1 Placement of fertilizer, seedlings/seeds and aih@ndments onto large
deposits is not well developed.

1 Depth of dewateringsilimited by root depth.
Concern regarding use of nmative and potentially invasive species.
Knowledge gaps

1 Conduct smaikcale pilot tests to assess viability of this technolegjgg
native species.

1 Develop methods to place seedlings, fertilizer and other amendments onto the
deposit.

1 Evaluate possibility of using in thin lifts similar to evaporation/drying
Buried vegetation will decay adding organic matter to the tailings.

1 Evduate performance in conjunction with freetbaw technology.
Stage of technology

1 Basic research Previous applied research and development were conducted
in the field (Johnson et al. 1993).

3.4  Chemical/Biological Amendment

Chemical/biological amendments/oive changing the properties of the tailings to
remove veter.

3.4.1 Thickening Process

Thickened Tailings (TT) technology, also known as paste technology, involves rapid
settling and sedimentation of suspended fines within a process vessel called a thickener
through the addition of chemicals that aid in flocculating the fines solids and producing
water that is suitable for reuse back to the extraction process with little loss of process
water temperatureThis means less make heating is required resultinglower

imported energy costs and reduced greenhouse gas emisadadigonally, the

accelerated settling rate of the fines produces a concentrated stream of fine solids which
can be deposited with less land disturbance and offer the potential for aiszkland
reclamation.

Thickeners also hee a rake mechanism that transggdréd material to the underflow,
assists dewatering of the bed material and scrapes away deposits from thédvassd
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thickener processing yields a density of about 30% solidtend Higher solids content

are reported but may be due to the addition of sdin@ typical residence time in a

thickener to increase the solids content of suspended fines to 30% is half an hour
(Devenny 2009) whereas it takes a few years to achieveatie solids content through
gravity settlement of TFT in a tailings pan8uper flocculating agents may achieve

higher densities but are approached with caution in case the presence of the super floc in
return water adversely affects extraction (Deve20d0).

TT technology is an integrated engineering systérgenerally includes the thickener

feed preparation process, thickener type selection and thickening process, flocculant
selection and flocculation technology development, tailings transporttaitngs

deposition and consolidation, strategy of reuse of thickener overflow water, and impacts
on environment and existing plant operatidine choice to commercially implement TT
technology to manage fine tailings is ultimately dependent upon ilitg tlhachieve the
necessary tailings deposition requirements using a thickening process that is suitable to
the oil sands extraction proceds must also be cost competitive relative to other tailings
management options (Yuan and Lahaie 2009).

Syncruek has conducted several largale thickened tailings evaluations (Fair 2008)

The most recent field pilot utilized a High Compression Thickener.Paghcrude views

this technology as commercially viable ahé being considered for implementation a
Syncrudeds Aur or a N.oShdll NMuskeg RiverShickehsha fimmi ne si t es
tailings stream, but only to modest densities.

Pros
Targets new fines.
Quickly recovers process water with its contained heat.

Densifies the tailings outlet stream enhagdines capture in sand deposits
The fines captured will not be available to make more MFT.

1 Resulting material can be deposited with less land disturbance with the
potential of accelerated land reclamation.

Reduces groundwater concerns.
Requires more max$t containment.

More stable deposits.
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High solids underflow from thickener.

Cons

Resulting material is still a slurryequiring further treatment.
Requires careful operational control and qualified operations staff.

Does not address legacy MFT.
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Bitumen @cumulation in the thickener feedwell can impair flocculation
efficiency.

31



High startup and operational costs, experienced operators needed.
Long-term consolidation settlement.

Adverse impacts of plant upset conditions.
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Tailings can only be stacked at slepd 0.5% to 1%.
Knowledge gaps

1 Thickener feed preparation process, thickener type selection and thickening
process.

Flocculant selection and flocculation technology development.
Contribution of raking mechanism to rate of dewatering.

Thickened tailingsransport (conveyor and positive displacement pump),
deposition and consolidation.

1 Reuse of thickener overflow water.
1 Impacts on environment and existing plant operation.
Stage of technology

1 Applied research and demonstration, mature elsewhere.

3.4.2 In-Line Thickened Tailings (ILTT) Technology

This technology consists of injecting and mixing flocculants and coagulants into the high
fines content cyclone overflow tailings (COT) in ariime multi stage fashian

Conceptually by binding fine particles at low sslicontent into flocs, the hydraulic
conductivity is increased, tortuosity is decreased and the mass of the failing flocs is
increased This process is aimed to improve settling, consolidation, and strength
behaviour of COT (Jeeravipoolvarn et al. 2008a).

Syncrude started a field pilot project in late 2005 to demonstrate the pilot scale behaviour
of tailings produced from the ILTT process (Jeeravipoolvarn et al. 2008&) project

included two ILTT pilot ponds Geotechnical field investigations includipore pressure
measurements, solids and fines content measurements and vane shear strength
measurements were performed to monitor the compression behaviour of the deposits
Preliminary findings indicate that this process produces fine tailings thatgandgyid

hindered sedimentation from solids contents of about 4% to 30% within days followed by
consolidation and segregation phenomena at higher solids corffeathiction of CT

using ILTT instead of MFT was also examined at a sand to fines ratio ahd:it was

found that ILTFCT is far superior to MFICT in both hydraulic conductivity and

undrained shear strength (Jeeravipoolvarn 201%hearing due to tailings transportation
was investigated and it was f octwntgand hat t he s
undrained shear strength are lower than that of nonsheared ILTT however the properties
of the sheared ILTT are still significantly better than that of MFT.

Suncor uses #tine thickening as part of its TRO project.
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Pros
Rapid dewatering of COT.
Require a relatively small containment area to store ILTT.

Undrained shear strength of ILTT is considerably higher than that of COT or
MFT. The combination of the high hydraulic conductivity and the high
undrained shear strength opens up other posswatering techniques.

Reduce energy cost by returning water with its heat.

1 No or little coagulant addition will be required to make CT from ILTT
resulting in a reduction in cost and an increase in the quality of the recycle
water.

1 Reduction of new MFT foriation and storage.
Cons

T Floc disruption during tailings transpo
hydraulic conductivity and undrained shear strength.

1 The advantage of being more permeable of ILTT can disappear at higher
solids contents.

1 Challenging to pump ILT from depositional ponds and mix it with cyclone
underflow tailings to make CT without a significant breakdown of the floc
structure.

1 Potential adverse impacts on water quality due to the addition of coagulants
and flocculants.

1 Requires increased opematal control.
High operational cost.
Knowledge gaps

91 Further research is required to confirm the influence of shearing on
segregation behaviour of CT made from ILTT under a dynamic condition.

Viability at largescale.
Robustness of the technology with tags variability.

Quality of released water from the process.
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Shear thinning and methods to reduce its effects.
1 Methods to treating MFT directly without dilution
Stage of technology

1 Applied research and demonstration.
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3.4.3 Whole Tailings Coagulation

In this tecinology, a coagulant is added into the tailings pipeline to generate-whole
tailings CT or partially segregating CToagulants cause aggregation of colloids by
changing their characteristics or surface charge.

Due to its gaggraded nature and low initiablids content, the coarse particles (x4¥)

in the tailings stream segregate from the whole tailings and the stream of fines particles
flow into a pond and form a fluid deposit (TET)o prevent segregation, it is necessary

to modify the tailings streatny increasing the solids content, increasing the fines

content, or changing the apparent size of the fines (FTFC 1@3ggulating or

aggregating the fines with chemical agents, such as lime, sulphuric acid, gypsum, flyash
and their combinations, canaitige the tailings stream into a nonsegregating slurry.

Coagulation is the process in which destabilization is achieved by the addition of salts
which collapse the double layer so reduce, neutralize or invert the electrical repulsion
between particlesThe most common coagulants are mineral salts: aluminum sulfate,
ferric chloride, lime, calcium chloride, magnesium chloride.

This technology is not very robust for operating oil sands plants, but led to the
development of CT technology using cycloned sanddease the density of the slurry
and reduce the potential for segregation.

Pros

1 Resulting material may be suitable for vacuum or pressure filtration (not an
economical method) or building beaches and slopes (less than 1% slope to
minimize segregation).

Recovers large amounts of process water and reduces water capture in MFT.

Sedimentation and initial consolidation commence almost immediately after
deposition and is complete within a short period of several days to a few
weeks.

1 Captures new fines reducihfT generation.
Cons

1 Chemical reagents probably generate detrimental effects on recycle water
quality.

High operational cost.
May need to be used with flocculants.

Potential adverse impacts on water quality due to the addition of coagulants
and flocculars.

Knowledge gaps
1 Understand the coagulation characteristics of whole tailings.

1  Arheology modification chemical is required to facilitate the fines material
integrating in the coarse structure.
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Stage of technology
1 Applied research and demonstration.

3.4.4 WholeTailings Flocculation

In this technology, a flocculant is added into the tailings pipeline to generate whole
tailings CT or partially segregating CFlocculants cause chemical bonding of colloids
Flocculation is a technique in which discrete, collbisizaed particles are agglomerated
by an appropriate reagent and, as a result, settle out of suspension.

Flocculation is used to describe the action of polymeric materials which form bridges
between individual particlesBridging occurs when segments gb@ymer chain adsorb
different particles thus help particles aggregate (Suncor 2G083culants carry active
groups with a charge which will counterbalance the charge of the partittesculants
adsorb particles and cause destabilization eitheridgibg or charge neutralizatiorin
flocculation, individual particles are united into rather loog®yund agglomerates,
calledflocs Generally, flocs produced by polymers are much stronger than those formed
by coagulation; the particles are held tinge with elastic bonds, not merely by weak

Van der Waals forces.

Three groups of flocculants are currently available: mineral (silica, bentonite, alum, ferric
hydroxide); natural (starch derivatives); and synthetic (polyacrylamides).

Shear thinning, espidly due to the large volumes of sand in the slurry interacting with
the flocculant is a concern.

Pros

1 Resulting material is suitable for vacuum or pressure filtration (not an
economical method) or building beaches and slopes (less than 1% slope to
minimize segregation).

Recovers large amount of process water.

Sedimentation and initial consolidation commence almost immediately after
deposition and is complete within a short period of several days to a few
weeks.

1 Hundreds of commercial flocculating reageate available.
Addresses new fines.
Cons
1 Unpredictable performance due to tailings variability.
Requires enhanced operational control/care.

1 Use of chemical reagents may generate possible detrimental effects on
recycle water quality.

High operational cost.

May need to be used with coagulants.
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Knowledge gaps

Understanding the flocculation characteristics of whole tailings.
Impact of bitumen and sand on flocculation process.

Quality of released water from the process.
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Evaluation of flocculants should inclug&ay mineralogy, age of the slurry,
the method of flocculant introduction, the dilution of the slurry, the pH of the
slurry, the mixing shear and the conditioning and contact time.

1 Arheology modification chemical is required to facilitate the fines nalteri
integrating in the coarse structure.

Stage of technology
1 Applied research and demonstration.

3.4.5 In-Situ Biological Treatment

In this technology, inoculation or enhancement of bacterial action are used to densify
MFT or fine tailings Results of a laboratg investigation (Fedorak et al. 2003)

conducted on MFT and CT samples from three oil sands companies suggested that
methane formation may increase the rate of tailings densificaBatogical methane
production (methanogenesis), is accomplished bynaartium of anaerobic microbes

and can accelerate densification of MFT by generating channels in the tailings where gas
bubbles rise (Guo 2009)hese channels can then allow drainage of water due to excess
pore pressures within the tailings ma3$e gaeration of methane from oil sands

tailings ponds is an environmental concern, in part because methane is a potent
greenhouse gas (however cannot likely be controll&t)s phenomenon may also

benefit tailings management in the oil sands by hasteningptieolidation process.

Pros
Low cost.
Micro-biological activity produces carbon dioxide and methane leading to
formation of gas pockets which coalesce to provide vertical drainage
channels accelerating drainage and densification.
Cons
1 Limited knowledge.
9  This process is difficult to control in a large scale.
1 Not proven technology.

1 Lack of understanding of microbes present in MFT.
Knowledge gaps

1 Need to understand the gas migration process through MFT and how it
relates to consolidation of METAIso consoldation that may shut off the
drainage channels has to be further studied.
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1 Better understanding of microbes present in MFT produced by different oil
sands extraction operators.

1 Need to identify roles that these microorganisms play in methanogenesis and
MFT densification in the tailings ponds.

1 Need to better quantify impact in MFT densification and its effectiveness in
the long term.

Stage of technology
i Basic research.

3.4.6 In-Situ Chemical Treatment

This technology consists of injecting and mixing chemical resgato MFT in situ
Chemical additives injected in tailings ponds can increase the efficiency of the
consolidation process by changing the pH or by promoting coagulation and/or
flocculation An increase or decrease in pH can reduce the surface aofitity clay
organic materials and collapse the MFT ehadise structure (Chalaturnyk et al. 2002)
This structure collapses as the pH increases above 10 (increaseiam@©@éhcentration),
or the pH decreases below 6 (increase ‘inoid concentration).

Pros

1 Chemical reagents can reverse the dispersive effects of caustic used in the
extraction process.

1 Address legacy MFT.

Does not require additional footprint because the tailings are treated in situ.

1 Limited knowledge on coagulants and flocculants.

1 Not proven technology.

1 Injecting and mixing in situ can be very challenging.
Knowledge gaps
Develop a systematic method to ensure adequate mixing.
Understand required dosages and associated costs.

Determine net potential impact/benefit.
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Need to identify rads of different chemical additives in modifying tailings
properties.

Stage of technology

i Basic research.
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3.4.7 Reduce Dispersion of Fines in Process

This technology consists of changing the tailings water chemistry to reduce the amount of
fines dispersion anddp morefines within the tailings sand.

High temperature and the caustic dispersing agent (NaOH) have formed the basis of the
CHWE process used successfully on a commercial scale to recover bitumen from oil
sands ore However, the CHWE process resultghe creation of extremely dispersed,
high-void-ratio fine tailings composed primarily of silt, clay, water, and residual bitumen
These caustibased fine tailings exhibit extremely low consolidation rates and undrained
shear strengths and require consadide land for storageProcesses different from the
established CHWE process have been developed to work at a range of temperatures or
without the use of sodium hydroxide (Kasperski20@ne such process is t
si x | ease o0 wn ensodidmdof cOonip&nieOthat piloed thecpoocess) hot
water extraction procesM(ler et al. 2009 Sury et al. 1993), a necaustic bitumen
extraction technique developed to improve bitumen recovery and produce tailings with
reduced fines dispersion, in thepe of improved consolidation and strength properties of
the fine tailings.

The OSLO Cold Water Extraction (OCWE) techno
Energy Extraction (LEE) Procestmproved consolidation and dewatering characteristics

of the LEE taiings are attributed to limited clay dispersion because of the low pH

operating condition.

Pros

91 Dispersion is reduced by eliminating the use of sodium hydroxide in the
extraction process.

Improves the energy efficiency, reducing operational costs.
Reduceghe volume of process water.
Brings significant environmental benefits.

Produces a tailings effluent with better sh@nm consolidation properties.
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Allows hydraulic sand capping soon after deposition and can subsequently be
reclaimed to support terresttiand uses.

Cons
Contradicts the existing knowledge of bitumen extraction.
Lower bitumen extraction efficiency.

Does not appear to enhance ledegm consolidation rates
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Total volume of soft material increased substantially.
Knowledge gaps
1 Evaluate seggation behaviour.

1 Test additional additives to increase bitumen extraction efficiency.
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1 Evaluate sedimentation, consolidation and strength performance
characteristics.

Stage of technology

 Commercial demonstration and mature.

3.5  Mixtures/Co-disposal

Mixtures/cadisposal technologies involve mixing tailings streams with a variety of
available soil materials and waste products to increase tailings density.

3.5.1 Composite/Consolidated Tailings (CT)

The CT process was developed at the University of Alberta (Caughill’998) CT
technology involves mixing densified extraction tailings (coarse sand from cyclone
underflow tailings, CUT) and MFT with an amendment (typically gypsum) to create a
nonsegregating slurry, with subsequent discharge into a tailings pondriafaapidly
consolidating, soft, cappable deposit capable of meeting various land uses and landscape
performance goalsThe CT process is designed to atran average of 20% fines

(4:1sand to fines ratio) to produce a slurry density of approximately Giis.

Suncor was the first, in 1995, to apply the CT process on a commercial basis in its Pond 5
and has continued to apply the technology (Suncor 20®@)crude conducted a non
segregating tailings field demonstration in 1995, followed by the CDiyqm in 1997

1998 A commercial CT plant has been in operation at the Syncrude Mildred Lake site
since 2000.

Despite many years of commercial use that has produced tens of swilioic metres of
CT, the process is still under reviewpparently opermrs have experienced difficulty in
consistently making aapec CT.

CT remains the primary tailings management technique for existing and future plans for
several operators and efforts are underway to assess and improve deposit performance.

Pros

Relativelylow cost.

Operationally implemented at large scale.
Deals with legacy MFT.

Non-segregating tailings slurry.
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Consolidates over a short time to form a solid landscape suitable for
hydraulic sand capping and terrestrial reclamation.

Tailings management fleility.
Consolidation rates for espec CT higher than expected.
Cons

1 Requires robust system to deal with variability of feed.
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Requires large containment until it solidifies (containment is expensive).
Low energy efficiency.

Operators have experienced atffity in consistently depositing espec CT
Off-spec CT has consolidation properties similar to those of MFT.

1 Careful engineering and operation is required to prevent segregation during
deposition.

1 Requires large amount of sand, supplemental sour@ndfwill be needed
to treat the legacy MFT.

1 Dosage of gypsum is quite large resulting in the buildup of calcium and
sulphate ions in the recycle water which in time will negatively affect
bitumen extraction.

Produces additional MFT from the cyclone ovesflo

f Potentially causes 4 emissions by anaerobic reduction of,3@ith the
residual bitumen in the tailings.

1 Bulking up of material with poor consolidation characteristics.
Knowledge gaps
1 Develop a robust operational system to makemec CT.

1 Evaluate Bw amendments (alternative to gypsum) such as(C@nadian
Natural Resources Limited 20Q0@lum and polymers.

1 Methods to improve of§pec CT performance.
Stage of technology

1 Mature (operates commercially).

3.5.2 MFT Spiked Tailings

This technique consists afjecting MFT into a fresh tailings stream to form a

segregating slurry with a high fines contefihe concept is that a high proportion of

fines can be captured in the beach formation following hydraulic disch@igefines

can be trapped in the voidasges between the sands grains leading to an overall reduction
in fluid fine tailings This concept has the merits of simplicity and low ca$bwever,

testing has not demonstrated an important recapture process.

This technique is very limited in its go@ as a means of dewatering fines trapped in the
voids and also as a means of reducing MFT formatibremains a potential option for
small increases in beach fines capturée resulting trafficability of spiked beaches is
marginal.

Pros
1 Address legac MFT.

i Practical and cost effective.
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Cons
Trafficability of spiked beaches is marginal.

Additional fines in the deposits would also affect their rate of consolidation
and this could influence the rate at which each lift could be built, as well as
the ultimate height achievable safely.

Knowledge gaps
1 Methods to increase fines capture without compromising trafficability

1 A better understanding of the role of fines from MFT versus the fines from
whole tailings and the impact on spiked tailings geotechnic&meance.

Stage of technology
1 Applied research.

3.5.3 Mixing MFT with Clearwater Overburden

This technology consists of mixing MFT with Clearwater clay (Kc) to form a-seifrd

mixture suitable for storage in poldershe Clearwater formation clay is very dagid

has a considerable affinity for wateéFhe Clearwater formation was deposited on top of

the McMurray formation and contains marine deposits that formed in the deepened sea
Some layers of the Clearwater are sandy but most areslédg that contaires

considerable amount of bentonit8ome geotechnical properties of Kc at the Syncrude

site were reported by Lord and Isaac (1989): clay content ranges from 11% to 40%, liquid
limit ranges from 37% to 53% (medium to high plasticity), moisture contegesainom

16% to 25% (low moisture content).

The natural matric suction of the clay will remove water from the MFT solving two
problems simultaneously: reducing costs of overburden transport to the disposal dump
(hydraulic transport would be a much cheapansport method than trucking) and
dewatering MFT for disposalThe clay will continue extracting water until the moisture
content of the two materials reaches a state of equilibrium.

This technique was successfully demonstrated by Syncrude (Dussedult97) Scale
up remains an issue, and the total amount of soft material is increased with this
methodology.

Pros

M1 Clearwater formation contains a considerable amount of bentonite that can be
blended with MFT to extract large amounts of water fromMRe .

1 Kcis abundant in overburden in the mineable oil sands area.
Avoids the use of costly chemicals and mechanical dewatering machines.

Process can be applied to any thickness (compared to technologies that rely
on natural processes).

1 Resulting materialeemed adequate for stacking.
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1 High strength and rapid stabilization allows early access onto the deposit for
reclamation.

Cons

1 Controlling the deposition strategy to optimize the blending of the coarse and
fine waste feeds is challenging.

1 Itis only reallyeconomic where the two feeds can be pumped together or
blended for ippit storage.

1 The resulting mix would not be pumpable.
Knowledge gaps

1 Quantification of mixing proportions depending on the material properties
and how to obtain adequate mixing.

1 Evaluatemethods of transportation of the resulting mix.
Stage of technology
1 Applied research, but discontinued.

3.5.4 Mixing MFT with Other Overburden

This technology consists of mixing MFT with glacial materials (tills, clays, sands) to
form a semisolid mixture suithle for storage in poldersThis technique is similar to the
previous one but the glacial materials have a lower water absorption capacity.

Canadian Natural Resources Limited (2009) is conducting a geotechnical feasibility study

of MFT desiccation and mimg with overburden on the west slope of Ponds¥ncrude

(2008) <categorized this technology as a Omin
considered as playing a primary role in the fine tailings solution (for the Mildred Lake

site).

Pros
1 More @undant overburden material to mix with MFT.
Similar to the technology in Section 3.
contain bentonite.
Cons

1 Same as the technology in Section 3.5.3 plus less capacity to uptake water
from MFT than Kc.

Knowledge gaps

1 Quantification of mixing proportions depending on the material properties
and how to obtain adequate mixing.

1 Evaluate methods of transportation of the resulting mix.
Stage of technology

1 Basic research and Applied research.
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3.5.5 Mixing MFT with Reclamation Materid

This technology consists of mixing MFT or CT with peat moss to form a selui
mixture suitable for early reclamatiofror consolidated CT deposits, rototilling is used
for mixing, and is expensive.

Li and Fung (1998) conducted greenhouse and fige¢mxents mixing peat moss with
MFT, CT and tailings sandsThey concluded that it is possible to create a plant growth
medium using these gyroducts However, they observed that the presence of salts in
the materials was the limiting factor for plamogth.

Pros
Address legacy MFT.
Surface material will be ready for reclamation.
Reduces need for secondary reclamation material.
Cons

Toxic compounds in MFT may inhibit plant growth.
Not proven technology.
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Limited availability of reclamation material.

1 Expensive and likely unable to produce commercial forest.
Knowledge gaps

1 Quantification of mixing proportions depending on the material properties.
Stage of technology

M Basic research, but discontinued.

3.5.6 Mixing MFT/CT with Coke

This technology consists of mixifngFT/CT with coke from the bitumen refining
process Although some of the coke is used as fuel in the processing plants, the
remainder is stored for use as a future energy source.

Suncor (2009) conducted a study adding coke into the CT stream to etiaduate
consolidation behaviour of the mixSyncrude (2008) categorized mixing MFT with coke
asaimi nor or tecanelsgy.capabl eo

Pros

1 The mix may improve consolidation.
Cons

1 Toxic compounds (nickel, vanadium and molybdenum) in coke may
bioaccumulate iplants inhibiting their growth.

1 Coke, a source of energy, can be lost in a deposit or difficult to obtain if later
required.

43



i Benefits are unclear
Knowledge gaps
1 Quantification of mixing proportions depending on the material properties.
1 Understanding coadidation behaviour.
1 Understanding depositional behaviour (is=gregation).
1 Assessment of toxicity in different plant species.
Stage of technology
1 Basic research.

3.5.7 Mixing Thickened Tailings with Sand

This process involves mixing tailings sand with tleiokd tailings to form a nen
segregating mix suitable for polderinghe deposit would be further dewatered via
evaporation and then capped with a layer of overburden and seBaisdechnology

may be regarded as a promising technique for use in soa® lareit is not yet a proven
one for use in the oil sand3 he application of this technology is dependent upon the
demonstration of the thickened tailings technolog@ie results talate indicate that
thickened tailings is not a technology that hataadalone potential within the Syncrude
tailings technology portfolio (Syncrude 2008).

In 2007, Shell began various field programs at tlalings testing facility
(Shell2009a,h. One of the tests included mixing thickener underflow with coarse
tailings to produce a nesegregating mix with high sand content (the mix is known as
nonsegregating tailings or NSTBhell is testing the NST process to support the
objective of reduced fluid fine tailings inventory accumulation and more rapid
reclamation ®mined areas to terrestrial land uses.

Laboratory test results on CT made from ILLT (which has a similar concept to this
technology) indicate that mixing sands with thickened tailings can produce high
undrained shear strength and high hydraulic condtgtidinsegregating tailings
(Jeeravipoolvarn 2010).

Pros

1 The mixture has a high solids content and it may be stacked at a significant
slope.

1 Address new fines.
May not require containment.

1 The high fines/high solids mix will have a high viscosity which waBult in
formation of a nofsegregating system.

1 The internal surcharge of sand will raise the effective stress on the clay and
promote selweight consolidation.
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Cons
Not proven technology.

Improper application of this technique may result in the creatioeclaimed
landforms of dubious environmental and economic value, particularly
because of the presence of sodic clays and bituminous residues in oil sands
tailings.

Knowledge gaps

1 Deeper insight into the geotechnical properties of thickened tailimgs/sa
mixes would assist full fiekdcale planning tests which are extremely
expensive.

1 Strength and consolidation behaviour of various mixtures of sand and
thickened tailings are not known.

1 Evaluate liquefaction potential.
Stage of technology
1 Basic researchnd applied research.

3.6 Permanent Storage

Permanent storage technologies acknowledge the complexity and cost associated with
tailings treatment and instead spi store tailings above or belowground in their original
form.

3.6.1 MFT Water Capped Lake

The MFT wate capping concept involves placement of MFT in a mined out pit, followed
by introduction of a water cap over this depo3ihe water used in the cap may range

from natural surface waters to that resulting from various blends of fresh and process
affectedwaters The water is initially at least five metres in depth but increasing over

time as MFT consolidatesThe basin is designed to function as a lake which includes
design for acceptable shoreline erosion and adequate littoral zone Bineadesign bsis

for MFT water capping relies on the concept of passive bioremediation of naphthenic
acids such that concentration of these compounds will be sufficiently reduced to allow for
the development of a lake feature within a future closure landscape withibO5years
(Clearwater Consultants 2007).

Syncrude has undertaken extensive research work on the concept of-eapptt MFT

| ake since t he SevdaBlérdge scal¢ tEsapomds hav@ Be&n monitored
over the past 20 yearg®\ commercial scie demonstration lake is currently being
constructed and is referred to as the Base Mine Lake (BML), the new name felnvest
Pit (WIP). The BML project is scheduled to start in 2012 beginning with establishment
of the water capOnce the water cap hasdn established in 2013, a research and
monitoring program on the chemical and biological performance of BML will
commence.
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Several early papers have described the concept, and studies have been undertaken to
confirm the suitability of the MFT water cappake (Boerger et al. 1990992, Gulley

and MacKinnon 1993VlacKinnon and Boerger 1991, MacKinnon et al. 1995key
requirement noted in these papers is that there should be no mixing between the MFT and
the overlying water capThe papers exploredpsible mixing by the action of surface

waves The design depth of the water cap was set to prevent such mixing.

I n the mid 199006s methanogenic bacteria beca
Basin and vigorous bubbling has been ongoing since (Devéidy Guo 2009.

Limited research examined the bacterial activity and noted that it could affect the

viability of the permanent storage scheme (Holowenko et al. 2000, Li.200@rent

bacteria are active and consume different components of the tdiagjstha from

solvent losses, sulphate used in CT treatment, and citrate (adsleell&lbian Sands to

aid extraction)) The most recent publication on the gritHake concept provides an

update on the concept and research (Clearwater Consultan)s Z0@paper quotes
Syncrudeb6s references extensively.

Pros
 Low cost
1 Reduction of concentration of chemicals through natural microbial processes.
1 Selfsustaining aquatic ecosystem.
1 Geologic containment for fluid tailings where stored below originaligdo
Cons

1 Cannot be located where the body will recharge groundwater that may
ultimately contact sensitive receptors.

91 Biological activity in the fluid tailings may emit considerable gas which may
result in mixing fluid tailings with overlying water.

1 Reguldors have not yet approved permanent storage of MFT under a water
cap Instead they have advocated for a solid trafficable landscape (Houlihan
and Haneef 2008).

Knowledge gaps

1 Uncertainties remain regarding function and success including water quality
andtoxicity, sustainability and liability.

1 Accurate quantification of methane release from biodegradation needs to be
addressed.

1 Understand how gas production impacts long term water quality.
Stage of technology

1 Applied research and demonstration.
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3.6.2 Pit Lake

A Pit Lake (PL), also known as an End Pit Lake (EPL), is an engineered water body
located below grade in pestining pits A PL/EPL may contain oil sands byproduct
materials and will receive surface and groundwater from surrounding reclaimed and
undisturbe landscapesPL/EPLs will be permanent features in the final reclaimed
landscape, discharging water to the downstream environment (Clearwater Consultants
2007) The PL/EPL technology is similar to the MFT water capping con¢ketprimary
distinction 5 one of degree in terms of the amount of tailings at the bottom of the lake

A PL/EPL will be established in a mineuat pit It will consist of a bottom substrate
capped with water; soft tailings may be placed on top of the bottom substrate in some
ca®es Other processelated materials may also be stored in the pit, including lean oil
sands, overburden and procestected water (Clearwater Consultants 2007).

Proposed sources of cap water for a PL/EPL include runoff and precipitation, seepage
waters processaffected waters and water diverted from existing rivers and stretines
development and operation of a PL/EPL will be progresdiaring the predischarge
(filling) phase, some PL/EPLs will have soft tailings placed at the bottom to be covered
with cap water The soft tailings may consist of CT, MFT or TThese tailings become
denser over time and release pore water to the cap. w2deing the intermediate phase,
the PL/EPL will stabilize, mature and start to develop a viable ecosy3Stbeninitial
discharge phase will consist of releasing the cap water to downstream aquatic
environments Finally, in the farfuture, the PL/EPL will be a biologically active, self
sustaining and functional ecosysteiirhe pit lake technology is still not pren The

pros, cons, knowledge gaps and stage of technology are similar to the MFT water cap
technology (Section 3.6.1).

3.6.3 Store MFT in underground caverns

This technology consists of injecting MFT in underground caverns or deep wells where
future contact wh the biosphere is unlikelyLittle work has been done on this
technology and it would seem to be an unlikely candidate for further gwoek the

volumes of tailings requiring treatment

Pros
Prevent additional surface disturbance, less surface wsingage.

Tailings can be mixed on the surface with a binder to help minimize
groundwater contamination.

Cons
High costs, particularly if binders are used.
Tailings need to be dewatered, increasing costs.

Requires extra manpower and equipment.
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Requires sitiable location and development of caverns.
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Knowledge gaps
1 Need to evaluate volumes to be stored, adequate locations and costs.

1 Needs to evaluate suitability of this technique to be applied in the oil sands
industry.

Stage of technology
i Basic research.

4 TAILINGS TECHNOLOGY ANA LYSIS

4.1  Summary Tables

Summary tables (11x170 sheets) were develope
in this report These tables are attached in Apperidix he first table presents a brief

description of each of the 34 techogies The second table presents a list of the most

relevant pros and cons of each technologlge third table shows a summary of the

knowledge gaps and proposed areas of resediteh fourth table presents a graphical

view of the stage of maturity oeh technologyIn this table, a full bar represents

completion of a stage, while a partial bar represents a relative progression into another

stage of maturity.

Individual summary sheets were also developed for each technology to present all
relevant inbrmation related to the technolagyhese sheets compile all the information
(relevant to the specific technology) presented in the summary.talilese summary
sheets are attached in Appendix

4.2 Discussion

Natural dewatering technologies are lookedrupwre favorably than most since they are
dependent on the use of natural processes for their effectiveness, which essentially
provides free energy

Sedimentation and selfeight consolidation give only limited densification because the
low stress imposebly the low buoyant weight of the finegtained particles is in

sufficient to overcome the gel strength of the thixotropic oil sands fine tailifigs rate

of dewatering is therefore slow and the extent of dewatering may be poor within a
reasonable timérame Dewatering of fines by gravity processes actually appears to stop
completely at approximately 30% solids contebevelopment of a high solids content
material which could be strong enough for use as ssaplborting mine backill is not

viable ®lely by selfweight consolidation of curremailings fines streams.

Evaporation/Drying and Accelerated Dewatering offer considerable promise especially
when they are considered as part of a technical packdwse technologies rely on solar
radiation @d wind action to accelerate the rate of water evaporation from soils
Accelerated dewatering uses the-ditching technique to enhance the evaporation of
fines layers Low pressure vehicles pulling ploughs can be used to increase the exposed
surface eea and promote surface drainage by creating shallow ditches and encourages
desiccation by evaporatiorsyncrude is currently conducting field tests to evaluate the
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suitability of the Accelerated Dewatering technolo@uncor is conducting field tests of
the evaporation/drying dewatering technology.

Freezethaw seems ideally suited to the geographical location of Fort McMufraig
technique may be useful as an adjunct to other processes, such as evaporation and
accelerated dewateringdiowever fluid maagement at very cold temperatures and
vagaries of the weather remain a challenge.

Dewatering using physical/mechanical processes (centrifuges, filter presses, vacuum
filters, thermal drying, electricaétc) involves costly machinery/equipment and the
results are often poorin particular, oil sands tailings have both high fines and residual
bitumen so that it is difficult without chemical reagents to effectively dewater by pressure
filtration. High investment costs are necessary to obtain satisfaesuits There are

also two littleconsidered drawbacks which are common to all mechanical dewatering
processes; they produce a cake which must be transported to the disposal site and the
cake must be stacked on arrival at the disposal $ie long tem objective of this class

of technologies is to develop stackable tailings with significant benefits for land
reclamation From this group, centrifugation and wick drains combined with surcharge
loading seem to have good potential for dewatering taiBgslarge commercial scale
Syncrude is currently conducting a field research demonstration using centrifuge
dewatering technologySuncor is testing the use of wick drains on one of their CT
ponds.

Chemical amendment technologies appear to offer aiarbgnefit because they are
capable of altering the properties of the clays responsible for fines formation and thus
they offer a new dimension in dewatering technoloGiemical amendment may also be
used to assist other dewatering methdesr examplethe rate of sedimentation during
mechanical thickening and centrifugation may be accelerated significantly by the use of
coagulants and flocculant3 he use of chemical additives has been studied for many
years but this technology has not been acceptreitsons of operational practicability,
costeffectiveness and water qualitiRecent research conducted on polymers hasrshow
promise that this technology can be effective to dewater tailiSgacor and Syncrude
are using polymers in their centrifughickener and evaporation/drying field tests to
improve the performance of the technologies.

From the mixture/calisposal group, only CT is operating commercialjowever,

operators have experienced difficulty making, transporting and placisgend’; there

is a tendency for the sand to segregate leaving a weak, low SFR material that is difficult
to reclaim The other issue is that supplemental sources of sand will likely be needed to
treat the legacy MFT and CT requires a large containment &E#& the most mature
technology currently in practiceSuncor is planning to replace this technology with the
TRO and MFT drying technology in the near future.

Pit lakes have been proposed to permanently store MFT, CT or TT creating self
sustaining aquat ecosystemsThis technology is in the commercial demonstration stage
aiming to answer many uncertainties regarding function and success including water
quality and toxicity, sustainability and liability.
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4.3  Tailings Technology Gaps

Specific technology gapfor each technology were presented in Section 3 of this report
Below are listed general technology gaps identified in the overall tailings treatment
processes (some of them proposed by Flint 2005):

1 Quantifying and modeling fine tailings dispersion @by the addition of
sodium hydroxide in the CHWRrocess

1 Develop a unified sedimentatismonsolidation model to predict settlement of
material deposited in tailings ponds.

MFT morphology and characteristics.

Sand, clay, organics and water interactiontailings.

Role of chemical additives (polymers) in modifying tailings properties.
Influence of chemical additives on water quality.

Pumping of high solids content materials.

Better mechanical dewatering means.
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Pond emission quantification, characterizatand reduction.

5 CONCLUSIONS AND RECOMMENDATIONS

The search for a viable tailings dewatering technology will intensify as the already large
guantities of liquid waste products generated by the oil sands industry grows and tailings
storage facilities filnearer to capacityA review of the existing tailings technologies has
led us to the conclusion that there is no single method of dewatering which works well
for all tailings Similarly, experience has shown that there is unlikely to be one unique
solution to the problem of tailings disposal.

Many technologies have been suggested and tried but they have been rejected for lack of
technical or economic feasibilityWith no unique and acceptable solution yet in sight,
research is now focusing on schemesalvhitilize more than one technology and

combining them into a disposal packadéuch of the recent work has been focused on

field scale pilots supported by laboratory research.

6 GLOSSARY OF TERMS AND ACRONYMS IN THIS R EPORT

The following terms and acronynase used in this report.

6.1 Terms
Bitumen

A highly viscous tarry, black, hydrocarbon material having an API gravity of about nine
degrees (a density of 1.0). Bitumen is the main product of the oil sands extraction
process that is upgraded to synthetic croitle
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Clearwater Formation (Kc)

A Cretaceous clayshale overburden exhibiting a medium to high plasticity and low
moisture content.

Coagulant

A reagent (typically a calcium salt) added to a dispersion of solids in a liquid to bind
together active minerals form a continuous mass. This is the process used for making
CT.

Coagulation

A process that causes aggregation of colloids by changing their surface characteristics or
surface charge with coagulant.

Co-disposal
A placement of two or more tailings streaargailings and overburden together.
Coke

A byproduct of upgrading bitumen to synthetic oil. At Syncrude it is a blaclgfiamed
sand sized carbon particles with some sulphur and trace metals. Suncor has similar
chemistry, but the coke is a sandywgha It is a potential source of energy.

Composite/Consolidated Tailings (CT)

A nonsegregating mixture of chemically amended fine and coarse tailings which
consolidates relatively quickly into solid landforms. The purpose of producing CT is to
consume bth legacy fines (MFT) and new fines (Thin Fine Tailing$-T) to create a

land surface reclaimable to upland or wetland vegetation. To this end, CT has a sand to
fines ratio (SFR) that is greater than about 3:1 (to allow rapid consolidation) butaess th
about 5:1 (to permit useful levels of fines capture). CT starts as a slurry and ends as a
semisolid, loose, silty sand deposit that is dense enough and strong enough to support
hydraulic sand capping.

Consolidation

The densification of fingrained naterial by the release of excess poaer pressure

over time, typically in response to change in applied stress. For oil sands tailings, this
process often involves slow settlement over time in response twesglit or vertical
surcharge from a capmgriayer. The expelled water is referred to as release water.
Deposit strengths increase until full consolidation is reacMahy tailings materials
remain softeven after full consolidation.

Cyclone Tailings

Hydrocyclones are used to classify (sepdratesands slurry into a dense lefimes

sandy underflow (Cyclone Underflow Tailings) and a low density, fiii@scyclone
overflow (Cyclone Overflow Tailings). The underflow may be beached or used as a
feedstock for calisposal with fines; the overflows typicdly pumped to a settling basin.
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Dam

The Canadian Dam Association (CDA) definition requires a dam to provide a fluid

barrier that can impound 30,000 cubic metres or more and with a height of 2.5 metres or
more. Fluid usually refers to water buayralso refer to other liquids and potentially
liquefiable material§therefore tailings ponds berms are considered daifs)provide a
maintenance free landscape, no structures that require monitoring and maintenance under
CDA guidelines may be left betd.

Dedicated Disposal Area (DDA)

An area dedicated solely to the deposition of captured fines using a technology or suite of
technologiegAs defined by the Energy Resources Conservation Board in Directive 074)

Extraction
The process of separating bitumigom oil sand, typically with hot water and agitation
Evapotranspiration

The term used to describe the sum of evapor a
land surface to the atmosphere.

Filtered Tailings

Tallings that are processed by a tecbgglinvolving mechanical dewatering by filtration
(typically under pressure or vacuum). The tailings become unsaturated and are either
conveyed or trucked to a disposal area.

Fine tailings

A suspension of fine silts, clays, residual bitumen and wat@redefrom extraction of
bitumen from oil sands using the traditional hot water extraction process. The remainder
from the extraction process is pumped to tailings facilities where coarse sand settles out.
The overflow is directed to a settling pond whtre fine grained portion slowly settles

to yield a suspension of fine tailings. The fine tailings suspension is typic&tyaber

and 194 fine particles by volumeFurther dewatering of fine tailings occurs very slowly.
When first discharged, the velow density material is referred to as thin fine tailings

(TFT). After a year or two, when the fine tailings have reached a solids content of about
30% (by mass), they are referred to as mature fine tailings (M&8attling occurs much

more slowly aftethis point and remains fluitlike for decades or centuries.

Fines

Grains of ore or tailings finer than 44 um (typically measured as those passing the #325
wet sieve). Note that this is an oil sands specific definition of fines.

Fines Content
The ratio ofthe mass of dry fines (<44 um) to mass of dry solids, expressed as a percent.
Floc

A loosebound agglomeration of fine tailings particles typically around a polymer
flocculant. These flocs, typically a few millimetres in diameter, settle quickly through
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water. Subsequent consolidation and densification typically breaks down the polymer
and the floc.

Froth

Air-entrained bitumen with a frotlike appearance that is the product of the primary
extraction step in the warm or hot water extraction process.

Liquid Limit

The moisture content at which a soil changes from plastic to liquid behaviour and often
corresponds to a peak vane shear strength of about 2 kPa.

Maintenancefree

Reclaimed land that is as sustainable as the original landscape without human
intervention. It is recognized that natural erosion processes continually affect natural and
reclaimed landscapes.

Oil Sands

A sand deposit containing bitumen in the pore space. Rich oil sands may contain up to
18% bitumen (weight basis) but mineable reseofen average 10% to 11% bitumen.
Typical average orebody fines contents of mined or range from about 20% to 25%.

Pit Lake

An artificial lake within a mined out pitin the oil sands regiosomeproposed pit lakes
will be filled with varying amounts dfailings and capped with fresh water. Many such
lakes are designed as bioreacfoedlowing natural biodegradation of organic acids in
the tailings waters.

Plastic Limit
The moisture content where a soil changes from plastic tesaiibehaviour.
Processaffected Water

Water that has come in contact with oil sands, and may contain hydrocarbons, salts, and
other chemicals.

Sand Content

The ratio of the mass of sand (>d#h) to mass of solids, expressed as a percentage.
Sand to Fines Ratio (SFR)

The mas®f dry sand (> 44um) to the mass of dry fines (<44n).

Sedimentation or hindered sedimentation

A mode of densification when soil particles settle togethenasse through a water
column. Unlike consolidation, during sedimentattbere is no effectivstress.

Shell
Shell Canad&nergy
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Soil-Water Characteristic Curve

The relationship between soil water content and soil water pressure potential (matric
suction or negative pore water pressure). This curve is also referred to as the soil
moisture retentiocurve and is important to unsaturated flow.

Solids Content

Ratio of the mass of dry solids to total mass of tailings, expressed as a percentage.
Suncor

Suncor Energy Inc.

Syncrude

Syncrude Canada Ltd.

Tailings

A by-product of oil sands extraction typicatomprised of process water, sands, and
clays, with minor amounts of residual bitunieh he oi |l sands with t he

Tailings Ponds

Man-made impoundment structures containing tailings. Tailings ponds are enclosed by
dykes made with tailings aral/other mine waste materials to stringent geotechnical
standards. Their function is to store solids and water and to act as a settling basin to
clarify process water so it may be reused.

Thickening

The process of adding a flocculant to a tailings streacause the active minerals to bind
together and settle rapidly.

Void Ratio (e)

The ratio of the volume of voids to the total volume of solids, typically expressed as a
decimal.

Whole Tailings

Unaltered tailings that come directly from an extraction plafthole tailings is
sometimes referred to as coarse tailings.

Wick Drain
A specific kind of vertical fabric drain that can be pushed into weak material at a spacing
that allows more rapid consolidation and settlement. Also known as band drains.

6.2  Acronyms

AOS Apparent Opening Sizes
AOSR Athabasca Oil Sands Region
BGC BGC Engineering Inc.

BML Base Mine Lak€Syncrude)
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CHWE
CoT
cP
CPT
CT
CUT
DDA
EPL
ERCB
ILTT
kPa
LEE
MFT
NST
OCWE
OSRIN
PL
PSV
SFR
TFT
TRO
TT

Clark Hot Water Extraction

Cyclone Overflow Tailings

Centipoise (a measure of viscosit§0? g* s
Cone Penetration Test
Consolidated/Composite Tailings
Cyclone Underflow Tailings

Dedicated Disposal Area

End Pit Lake

Energy Resources Conservation Board
In-Line Thickened Tailings

kilopascals

Low Energy ExtractiorSyncrude)
Mature Fine Tdings

Non-Segregating Tailings

OSLO Cold Water Extraction

Oil Sands Rsearch and Information Network
Pit Lake

Primary Separation Vessel

Sand to Fines Ratio

Thin Fine Tailings

Tailings Reduction Operatigisuncor)
Thickened Tailings
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APPENDIX 1: Summary of Tailings Technologies

This Appendix contains four tables summarizing the 34 tailings technologies:
Table 1i Descriptions of the technologies

Table 2i Pros and cons of the technologies

Table 3i Knowledge gaps for the technologies

Table 4i State of technology development

69



Table 1:Brief description of each of the 34 technologies

s Treatment Technolol

Physical/Mechanical Processe

1. Filtered whole tailings

Description

Filtration of the unaltered extraction tailings stream. Whole tailings are vacuum/pressure filtered in a filter planspoded at low moisture content.

2. Crossflow filtration of
whole tailings

Feed flow travels tarantially across the surface of the filter, rather than into the filter. Typically used for feeds with high fines coteectkglis washed
away during filtration increasing length of time the filter unit can be operational.

3. Filtered coarse tailgs

Filtration and dry stacking of the coarse fraction (cyclone underflow) of the tailings slurry. Variants include addingesotoetie mix prior to filtration.

4. Filter thickened fines
tailings

Filtration and dry stacking of thickener underflowggominantly fines). Other fine tailings streams are centrifuge fine tailings and MFT.

5. Centrifuge fine tailings

A centrifuge applies up to thousands of times the force of gravity to extract fluid from material. The outlet streamligglaisesdesity of about 60%
solids. The other stream yields water, bitumen, and a minor amount of fines.

6. Thermal drying MFT

Heating MFT in an oven / kiln to reduce the moisture content of MFT.

7. Electrical treatment

Application of a direct current (DC) eleitt field to a clay slurry causes negatively charged clay particles to migrate to the positive (anode) electrode,
in accelerated sedimentation. There are three distinct electrokinetic transport mechanisms: electrophoresis, dielscirafgiecesosmosis.

8. Blast densification

Explosive compaction is carried out by setting off explosive charges in the ground. The energy released causes lidubé&stibrelose to the blast point
and causes cyclic straining of the soil. Liquefactibthe soil followed by timelependent dissipation of the water pressures causesselidation within
the soil mass. "Short term" volume change is also caused by passage of timelbtast shock front through the soil mass.

9. Wick drains

Wick drairs greatly facilitate the dewatering process by providing a suitable conduit to allow the pore water to escape veryrmyickly.ifstalled at clos
spacing shortening the flow path, and thereby expediting the consolidation process.

10. Surcharge loacg

Enhance consolidation of MFT or CT by application of a surcharge load (e.g. coke).

11. CT under MFT

Deposition of CT under MFT to improve CT release water quality and probably the solids densification rates of both CT. and MFT

12. Increase tailingdensity

Reduce segregation by increasing solids content of tailings sand slurry for beaching.

Natural Processes

13. Sedimentation/self
weight consolidation

Sedimentation is a gravigettling of suspended solids from a liquid. As the concentration idbgmirticles in the sediment rises, the degree of-padicle
contact increases and dewatering by-aefght consolidation begins to take effect.

14. Evaporation/

drying

Deposition of MFT or CT in thin lifts and allowing the lifts to desiccate (reamoisture) by evaporative drying.

15. Accelerated dewatering

Excavation of perimeter ditches (rim ditching) around a poulder of MFT or CT to promote drainage and evaporation. Thie tealans the water table of
the deposit accelerating the corndation process.

16. Freezel/thaw

Deposition of MFT or CT in multiple thin layers which are allowed to freeze and then the frozen mass is allowed to thewiting Summer. The freeze
thaw cycle causessdili ke fipedsod t o f or monsoldagsr uct ure which quickly

17. Plant
(evapotranspiration)
dewatering

The planting of grasses, shrubs or trees on CT may assist in dewatering (plant transpiration) and consolidation by thetfibvithdrawing water for
growth.

Chemical/Biological Amendment

18. Thickening process

Using (polymer) flocculants in conjunction with mechanical thickeners to densify TFT or diluted MFT. Thickeners incorpeirgecomponents, such as
rakes, which shear flocs and promote removal of entrapped water.

19. Inline thickened tailings
(ILTT) technology

Injection and mixing of flocculants and coagulants into TFT stream in-lmeimulti stage fashion. Conceptually by binding fine particles at low solids
content into flocs, the hydraulic conductivity is increased, torityissdecreased and the mass of the falling flocs is increased. This process is aimed
improve settling and strength behavior of TFT.

20. Whole tailings
coagulation

A coagulant is added into the tailings pipeline to generate whiblegs CT or partilly segregating CT. Coagulants cause aggregation of colloids by
changing their characteristics or surface charge.

21. Whole tailings
flocculation

Flocculants are added into the tailings pipeline to generate ditibeys CT or partially segregating CHlocculants cause chemical bonding of colloids.

22. Insitu biological
treatment

Inoculation or enhancement of bacterial action to densify MFT or fine tailings. Methane production (methanogenesish Wioicigisal activity
accomplished by a congiwm of anaerobic microbes, accelerates densification of MFT by generating channels in the tailings where gas bubbles ris

23. Insitu chemical
treatment

Injection and mixing of chemical amendment to MFT in situ. Chemical additives injected in tpiinds can increase the efficiency of the consolidation
process by changing the pH or by promoting coagulation and/or flocculation.

24. Reduce dispersion of
fines in process

Change tailings water chemistry to reduce the amount of fines dispersion ambteafines within the tailings sand.

25. Composite/
consolidated tailings (CT)

MFT is pumped from reservoirs and combined with cycloned tailings and a coagulant to produsegregating slurry that consolidates over several
decaes and is strong enough and dense enough to allow hydraulic sand capping.

26. MFT spiked tailings

Inject MFT into a coarse tailings stream to form a segregating slurry. Beaches trap higher proportion of clays and fines.

©
8 | 27. Mixing MFT with Mixing of Kc and MFT to form semmsolid mixes suitable for storage in polders. Water from MFT is absorbed by Kc resulting in a weaker, more plast
& | Clearwateoverburden material.
©
@] .. .
L\U), g\?'er'\gz(rlggnMFT with other Mixing of glacial materials (tills, clays, sandmnd MFT to form a senrsolid mixture suitable for storage in polders.
(3]
E
= | 29. Mixing MFT with This technology consists of mixing MFT with peat moss to form a-setid mixture suitable for early reclamation.
reclamation material
ggl.(eMlxmg MFT/CT with Mixing of MFT and coke to consolidate the more mobile tailings stream.
gihghmkened ENTES i) Mixing of thickened tailings and sand to form a remgregating mix suitable for poldering.
S
g 32. MFT water capped lakg Permanerty storing MFT under a water cap forming a lake which ultimately becomes a biologically active esubstting functional ecosystem.
n
% 33. Pit lake Also known as End Pit Lake, is an engineered water body located below grade in oil santisipgspits. The pit lake will ultimately become a
= ) biologically active and selustaining functional ecosystem.
£
& 34. Store MFT in Inject MFT in underground caverns or deep wells where future contact with human beings is unlikely.

underground caverns
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Table 2: A list of the most relevant pros and cons of each technology.

Tailings Treatment Technology

Physical/Mechanical Processes

Pros

Cons

1 Requires a small footprint for tailings storage. )
1 High recovery of process water. 1 The process is costly due to the large amount of coagulant used and
{ Filratonprodue s fidry tailingsod for st high capital and operating costs for filtration equipment
retention. i Filtered tailingsare no longer pumpable (low water content) and they r
{ Can be compacted. to be transported by conveyor or truck
{ Attractive to regulators. 9 Often more expensive per tonne of tailings stored than conventional §
i Ease of progressive reclamation and closure of the facility, amenable system,_costly_to truck and compa_ct
1., Filtered whole tailings concurrent reclamation. 9 The residual bltumfe_n from extraction can clog fitters
1 Low longterm liability in terms of structural inteiy and potential ' Target only new tailings, not legacy MFT . _
environmental impacts. 9 Some reports indicate it is impractical to filter whole tailings with more
| Use of flocculants improves filterability significantly. than 4% fines without using flocculant
{ Dry tailings can be stacked at slopes greater than 10%. f Challenging winter operations _
f No longterm consolidation settlements are expected because of the || T Water quality may be affected by flocculants (if used).
moisture content. (Some posttamation elastic or collapse settlementd
may still occur depending upon the density of the final deposit).
1 Higher dewatering rate is achieved by limiting cake thickness. o -
1 Process feed remains in the form of a mobile slurry, suitable for furthd T Performance may be affected by the variability of whole tailings
processing. composition (fines content may affect performance).
2. Crossflow filtration of 1 Solids content of the product slurry may be varied over a widgran 9 Presence of reduial bitumen may plug the membrane pores affecting
whole tailings f No chemical additive is required therefore no changes in the water performance.
chemistry.
1 Target both new tailings and legacy MFT.
1 Applicable without flocculants when fines content is less than 4%.
9 Viable method after flocculation for tailings with about 12% fines, whi i . i
correspond to the gament underflow from gravity settlers such a Primq 1 Need to remove the fine fraction using a hydrocyclone or other methd
Separation Vessel (PSV). 1 Compaction or special handling procedures required for deposits.
3. Filtered coarse tailings | q Low fines content can cause faster filtration and less blinding. I High transport and deposition casts
1 Operational costs are reduced if flocculants are not required. This mg
only practical with low fines conteif 4% fines).
1 Results in a useful construction material with lower ionic contents.
. . _ ' Address legacy MFT. _ _ o ~ | 1 Filterability is relatively low, due to the high fines content.
4. Filter thickened fines 1 Generate dry stack tailings with the benefits described in the previous
tailings technologies.
1 Requires relatiely small storage area ) ) )
1 Recover large amount of process water 9 High upfront capital and operating costs
1 Insensitive to bitumen fouling I There may be issues with scalp and trafficability (soft ground
f Address legacy MFT conditions can impede progress)
1 The solid bowl centrifuge is a continuous feed operation typically f Transporting centrifuged cakmay be challenging
requiring reduced labour and operator effort 1 Does not target new fines _ _
{ This technology is also noted hsing the best technology for most oil, | 1 ©Operation of a centrifuge requires a higher skill level and a more
water, and latex sludge streams. Filter cake can be produced at a experienced operator ) _
5. Centrifuge fine tailings sufficiently high solids content to truck or convey to a reuse or to a fif 1 Requires a greater amount of electric power compared to filter press
disposal site belt press technologies
1 As with most mechanical dewatering systems, the neectiting basins, | 1 The solid bowl centrifug functions as a secondary dewatering step
return water systems and containment area reclamation, as well as tf ~ necessitating a pithickening step; usually accomplished bya
piping and pumps to the settling area is minimized or eliminated conventional thickener or clarifier. This technology must be considerg
' Resulting deposit may be trafficable to specialized equipment and su step in a more complex process and is not applicable as aastemed
for hydraulic sand capping oeclamation dewateing system.
1 Allows processing of tailings that is decoupled from the extraction
process.
1 Thermal MFT drying eliminates water and diminishes the volume of t}
MFT by a factor of 4 to 5 N s
6. Thermal drying MFT 1 It lowers the transportation cost and facilitates storage T Thermal drying is noted for itsigh-energy demand.
1 Rapid removal of moisture in MFT.
1 Involves very high energy costs
f Electrophoresis can be employed in the treatment of slurries 1 Applicable to relatively narrow range of materials (primarily silts)
 Electreosmosis becomes significant when the slurry is gradually {1 Difficulty in removing supernatant liquid
7 Electrical treatment converted to a porous soil mass | Problem; with corrosion of the e;lectrodes . i
 Can be used in conjunction with surcharge loadimdjwsick drains T Considered an 6emer gto-mglantstak ase arof
{ Can also be combined with conventional filter presses. information available.
o 1 Use to pack loose, saturated, medium to coarse sands 1 Den§|gprat|on (|js not an mst?)ntaneoqsnm enon dvkes)-
8. Blast densification § Eliminate the potential for liquefaction | POSS'. ility to damage nearby retention structures (dykes);
1 Requires monitoring (surveying, pore pressure)
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Tailings Treatment Technology

Pros

1 Accelerate the consolidation process reducing settlement times from
to months.
Allows an accelerated placement of afineclamation cover.

Cons

1 Wick drains may not retain their shape and integrity over time due to
settlement.

1 As water is drained from the tailings, selikle tailings begin to form
around the wick drains and hence the hwiic conductivity of these
materials begins to impact flow rates in the wick drains.

. . 1 . . .
9. Wick drains 9 Clogging of wick drains.
9 Address legacy MFT/CT volumes. 1 May require surcharge loading.
1 Difficulty getting equipment onto the soft deposit.
9 Costly due to close spacing of wick drains.
9 Accelerates the dewatering process.
9 Coke cap can be placed on top of MFT by-agbeous discharge.
1 Use of geosynthetics can prevent mud wave but it is costly.
9 Can be used with wick drains to accelerate consolidation. 9 Difficult to place the surcharge cap twp of the MFT.
1 A few feet of surcharge is nesasy to form a pad on which equipment | T Stability issues during cap placement (mud waves).
10. Surchargeolading can operate. 9 Clogging of geotextile separation blankets remains a concern.

1 Drainage blanket installed at the bottom can accelerate the dewaterir|
process by applying a partial vacuum to the system.
1 Allows for trafficability of the deposit.

11. CT under MFT

1 Improves quality of CT release water by reduction in the concentratio
calcium and sulphate ions, até electrical conductivity.
1 Improve CT and MFT densification rates

i Effects are modest

12. Increase tailings sand
density

1 High solids content slurry can be stacked at a significant slope and w
promote dewatering by gravity drainage.

1 The internal sutltarge of coarse solids will accelerate the rate of
dewatering of the contained fines.

i Formation of a partially segregating system.

1 Difficulty in raising the solids content of a mix high enough to give a
product which will stand on a slope, by blendingséri slurries.
Difficulty in pumping high solids content material.

Surcharging (internal) does not significantly accelerate the rate of
dewatering unless flocculants are added.

9 Addition of solids, such as sand, only raises the solids content, not thj

= —a

visoosity (segregation is not eliminated).
1 Equipment access may be an issue due to cyclic mobility (liquefactio
during trafficking.

Natural Processes

13. Sedimentation/self
weight consolidation

i Tailings are pumped directly to a disposal area and are allmwved
passively dewater while supernatant is decanted and recycled back i
process.

9 Low cost, elimination of mechanical dewatering equipment necessita
by an accelerated process approach.

1 Maintenance requirements and operator expertise are minirtted as
approach is basic with limited technology.

1 Robust in that it is effective for widely varying feed characteristics.

Requires vast areas to provide sufficient storage.

Engineered dams may be required, with the associated construction
maintenance cos.

Pumping logistics are to be considered with the generally increased

distance.

Chemical treatment may be necessary to enhance rate of settlement
Relatively slow process which result in only partial dewatering.

= —a
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14. Evaporation/drying

1 Resulting surfaces trafficable with modest equipment and suitable for
additional layers for dewatering or sand capping and terrestrial
reclamation.

1 Postreclamation settlement is expected to be small.

1 Development of natural cracks as shrinkage occurs provides drainag
channels for horizontal movement of water and additional surface are
evaporation.

1 Tailings may be amended with chemical additives (polymers) to enhg
dewatering and increase slope angles.

Requires surface water management.

Only thin layers can be tread and repeated through the summer.
Large areas are required to treat large quantities.

Need dyke structures (cell construction).

Salt crusting or bitumen on the surface may reduce the evaporation r
Vagaries of the weather can make this technologlesiging to manage.
Requires nealevel sites to minimize earthwork.

Labour intensive.

High operational costs.

Trafficability of final deposit is still only modest.

15. Accelerated dewatering

1 Proven technology in Florida with phosphate tailings.

9 Little intervention and low operational costs.

i Stand alone deposit.

1 Potential MFT volume reduction of 50% after three to five years.
9 Can be implemented in deep impoundments, 30 m plus.

1 Formation of cracks accelerates the dewatering process.

1 Resulting soft materiadan be suitably capped and reclaimed.

Unproven in Alberta oil sands at commercial scale.

Expensive chemical addition potentially needed to control bitumen
fouling.

Large upfront capital cost to build dykes.

Requires additional disturbance footprint.

Deerening of the rim ditches requires judgement and experience.
Vagaries of the weather can make this technology challenging to marj
Labour intensive.
Benches cut in the earth embankment are costly and time consuming
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Thickness is related to how much can the thawed the following year
3m)

1 Low upfront capital ost. 1 Resulting material remains saturated and soft so is only suitable for
1 Significant thickness can be treated by freezing subsequent layers or] hydraulic sand capping or reclamation using specialized equipment.
of a previously frozen layer. 1 Requiredarge areas and containment structures because of the thin f
16. Freeze/thaw 1 Results in moderately low strength deposits up to 14 kPa in one year| lifts.
low settlements. This may open up other reclamation options. Suitabl 1 Managing the pumping of fluids during extremely cold temperatures i
hydraulic sand capping as well. challenging.
9 Labour intensive.
9 Success subject to weather and operator diligence.
Wl SIEELR B EEELS @2 e [ Engs (Eme i Wi el 9 High salinity of tailings can inhibit establiment and healthy growth.
through the leaves. 9 Challenges getting seeds to develop in the depesitrk best with
1 Plants transpire large quantities of water during the growing season. enges g 9 P P
17. Plant 3 seedlings.
o 1 Absorption of CQ by plant. . .
(evapotranspiration) ? . . . 1 Placement of fertilizer, seedlings/seeds and other amendments onto
dewateri 1 Root development increases bearing capacity attlegs surface deposits is not well developed
ewatering - ; ; .
L e e e D9 f et n i by oot dth
getal imi : various organic toxi poy 9 Concern regarding use of noative and potentially invasive species.

and much of this material can be removed by timely harvest.

Chemical/Biological Amendment

18. Thickening process

1 Targets new fines.

1 Quickly recovers process water with its contained heat.

1 Densifies the tailings outlet stream enhancing finetucapn sand
deposits. The fines captured will not be available to make more MFT.

1 Resulting material can be deposited with less land disturbance with t}
potential of accelerated land reclamation.

1 Reduces groundwater concerns.

1 Requires more modest contaient.

1 More stable deposits.

1 High solids underflow from thickener.

1 Resulting material is still a slurry requiring further treatment.

1 Requires careful operational control and qualified operations staff.

9 Does not address legacy MFT.

9 Bitumen accumulation in ¢hthickener feedwell can impair flocculation
efficiency.

9 High startup and operational costs, experienced operators needed.

9 Longterm consolidation settlement.

9 Adverse impacts of plant upset conditions.

9 Tailings can only be stacked at slopes of 0.5% to 1%.

19. Inline thickened tailingg
(ILTT) technology

1 Rapid dewatering of COT.

1 Require a relatively small containment area to store ILTT.

1 Undrained shear strength of ILTT is considerably higher than that of
or MFT. The combination of the high hydrauliscluctivity and the high
undrained shear strength opens up other possible dewatering technid

1 Reduce energy cost by returning water with its heat.

1 No or little coagulant addition will be required to make CT from ILTT

resulting in a reduction in cost and increase in the quality of the recyg

fTFl oc di sruption during taild.@
hydraulic conductivity and undrained shear strength.

9 The advantage of being more permeabl& & can disappear at higher
solids contents.

9 Challenging to pump ILTT from depositional ponds and mix it with
cyclone underflow tailings to make CT without a significant breakdowr]
the floc structure.

1 Potential adverse impacts on water quality du&écaiddition of

ngs
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Tailings Treatment Technology

Pros

water.
1 Reduction of new MFT formation and storage.

Cons
coagulants and flocculants.
9 Requires increased operational control.
9 High operational cost.

20. Whole tailings
coagulation

1 Resulting material may be suitable for vacuum or pressure filtration (
an economical method) or building beached slopes (less than 1% slo
to minimize segregation).

1 Recovers large amounts of process water and reduces water capture
MFT.

1 Sedimentation and initial consolidation commence almost immediatel
after deposition and is complete within a short pericseokral days to a
few weeks.

1 Captures new fines reducing MFT generation.

9 Chemical reagents probably generate detrimental effects on recycle
quality.

1 High operational cost.

9 May need to be used with flocculants.

1 Potential adverse impacts on water gyalue to the addition of
coagulants and flocculants.

21. Whole tailings
flocculation

9 Resulting material is suitable for vacuum or pressure filtration (not an
economical method) or building beaches and slopes (less than 1% sl
minimize segregation).

1 Recovers large amount of process water.

1 Sedimentation and initial consolidation commence almost immediatel
after deposition and is complete within a short period of several days
few weeks.

1 Hundreds of commercial flocculating reagents are available.

9 Addresses new fines.

9 Unpredictable performance due to tailings variability.

9 Requires enhanced operational control/care.

9 Use of chemical reagents may generate possible detrimental effects g
recycle water quality.

9 High operational cost.

9 May need to be usedsiith coagulants.

22. Insitu biological
treatment

1 Low cost.

1 Micro-biological activity produces carbon dioxide and methane leadin
formation of gas pockets which coalesce to provide vertical drainage
channels accelerating drainage and densification.

9 Limited knowledge.

9 This process is difficult to control in a large scale.
1 Not proven technology.

1 Lack of understanding of microbes present in MFT.

23. Insitu chemical
treatment

1 Chemical reagents can reverse the dispersive effects of caustic used
extraction process.

9 Address legacy MFT.

9 Does not require additional footprint because the tailings are treated
situ.

I Limited knowledge on coagulants and flocculants.
9 Not proven technology.
1 Injecting and mixing in situ can be very challenging.

24. Redge dispersion of
fines in process

1 Dispersion is reduced by eliminating the use of sodium hydroxide in t
extraction process.

1 Improves the energy efficiency, reducing operational costs.

1 Reduces the volume of process water.

1 Brings significant environmentakenefits.

9 Produces a tailings effluent with better skerim consolidation
properties.

1 Allows hydraulic sand capping soon after deposition and can subseq
be reclaimed to support terrestrial land uses.

9 Contradicts the existing knowledge of bitumetraction.
9 Lower bitumen extraction efficiency.

9 Does not appear to enhance lgegn consolidation rates
9 Total volume of soft material increased substantially.

Mixtures/Co-disposal

25. Composite/
consolidated tailings (CT)

1 Relatively low cost.

9 Operationdly implemented at large scale.

9 Deals with legacy MFT.

9 Non-segregating tailings slurry.

i Consolidates over a short time to form a solid landscape suitable for
hydraulic sand capping and terrestrial reclamation.

i Tailings management flexibility.

9 Consolidatiorrates for orspec CT higher than expected.

9 Requires robust system to deal with variability of feed.

9 Requires large containment until it solidifies (containment is expensivg

9 Low energy efficiency.

9 Operators have experienced difficulty in consistentlyodémg orspec
CT. Off-spec CT has consolidation properties similar to those of MFT.

9 Careful engineering and operation is required to prevent segregation
deposition.

9 Requires large amount of sand, supplemental source of sand will be 1
to treatthe legacy MFT.

9 Dosage of gypsum is quite large resulting in the buildup of calcium an
sulphate ions in the recycle water which in time will negatively affect
bitumen extraction.

9 Produces additional MFT from the cyclone overflow.

1 Potentially causes 43 amissions by anaerobic reduction of S®vith the
residual bitumen in the tailings.

9 Bulking up of material with poor consolidation characteristics.

26. MFT spiked tailings

1 Address legacy MFT
1 Practical and cost effective

1 Trafficability of spiked beaches marginal.

9 Additional fines in the deposits would also affect their rate of consolid
and this could influence the rate at which each lift could be built, as w
the ultimate height achievable safely.

27. Mixing MFT with
Clearwater overburden

9 Clearwater formation contains a considerable amount of bentonite th
be blended with MFT to extract large amounts of water from the MFT

1 Kc is abundant in overburden in the mineable oil sands area.

1 Avoids the use of costly chemicals and mechanical d=imgtmachines.

1 Process can be applied to any thickness (compared to technologies t
rely on natural processes).

1 Resulting material deemed adequate for stacking.

1 High strength and rapid stabilization allows early access onto the def
for reclamation.

9 Controlling the deposition strategy to optimize the blending of the coa
and fine waste feeds is challenging.

1 It is only really economic where the two feeds can be pumped togethd
blended for irpit storage.

9 The resulting mix would not be pumpable.

28. Mixing MFT with other
overburden

9 More abundant overburden material to mix with MFT.
1 Similar to the technology in technology 27 but the glacial materials
doesnoét contain bentonite.

9 Same as the technology 27 plus less capacity to uptake water from M}
than Kc.

29. Mixing MFT with
reclamation material

9 Address legacy MFT.
1 Surface material will be ready for reclamation.
1 Reduces need for secondary reclamation material.

9 Toxics compounds in MFT may inhibit plant growth.

9 Not proven technology.

9 Limited availabiity of reclamation material.

9 Expensive and likely unable to produce commercial forest.

30. Mixing MFT with coke

1 The mix may improve consolidation.

9 Toxics compounds (nickel, vanadium and molybdenum) in coke may
bioaccumulate in plants inhibiting theirayvth.

1 Coke, a source of energy, can be lost in a deposit or difficult to obtain
later required.

9 Benefits are unclear

31. Mixing thickened
tailings with sand

1 The mixture has a high solids content and it may be stacked at a
significant slope.

9 Address ne fines.

1 May not require containment.

1 The high fines/high solids mix will have a high viscosity which will res
in formation of a norsegregating system.

1 The internal surcharge of sand will raise the effective stress on the cl
and promote selveight onsolidation.

9 Not proven technology.

9 Improper application of this technique may result in the creation of
reclaimed landforms of dubious environmental and economic value,
particularly because of the presence of sodic clays and bituminous re
in oil sands tailings.

Permanent

Storage

32. MFT water capped lake

1 Low cost

1 Reduction of concentration of chemicals through natural microbial
processes.

1 Selfsustaining aquatic ecosystem.

1 Geologic containment for fluid tailings where stored below original
ground.

9 Cannot be located where the body will recharge groundwater that ma
ultimately contact sensitive receptors.

1 Biological activity in the fluid tailings may emit considerable gas which
may result in mixing fluid tailings with overlying water.

1 Regulators havaot yet approved permanent storage of MFT under a W
cap. Instead they have advocated for a solid trafficable landscape.

33. Pit lake

9 Same as technology 32.

9 Same as technology 32.
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Tailings Treatment Technology

1 High costs, particularly if birers are used.
34. Store MFT in { Tailings need to be dewatered, increasing costs.
underground caverns 1 Requires extra manpower and equipment.

1 Requires suitable location and development of caverns.

1 Need to evaluate volumes to be stored, adequate locations and costs|
1 Needs to evaluate suitabiliof this technique to be applied in the oil sal
industry.
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ailings Treatment Technology

Physical/Mechanical Processes

1. Filtered whole tailings

Table3: Summary of the technology gaps and proposed areas of research

Technology Gaps

Optimize various plymer parameters: ionic type, charge density, molecular weight and dosage for a given tailings composition (fines-cotiter
study the impacts of polymers on water quality. Evaluate the filterability of tailings and filtration performance. Etdargie scale. Investigate filtratig
systems that can deal with bitumen fouling and high fines content.

2. Crossflow filtration of
whole tailings

Further confirmation on influence of transmembrane pressure and tailings slurry velocity on the pegfidonaarious feeds (eg. various fines cont
are required. Define variation of permeate flux and quality as well as cake characteristics along pipe length. Investtigatbig/technology can be ug
effectively on TFT and MFT.

3. Filtered coars tailings

Optimize various polymer parameters: ionic type, charge density, molecular weight and dosage for a given tailings coffnpesitiontent). Furthe
study the impacts of polymers on water quality. Evaluate the filterability of tailings lematidn performance. Evaluate at large scale. Investigate filtr
systems that can deal with bitumen fouling and high fines content.

4. Filter thickened fines
tailings

Need to identify polymers (flocculants, coagulants) that can deal with highcbnésnt tailings and make the filtering more effective.

5. Centrifuge fine tailings

Flocculant optimization. Cake transportation issues: conveyor and positive displacement pump. Need to evaluate censtidige ppeameters an
performance. Centtige scalaup studies. Need to further assess dewatering of centrifuged cake by natural processes and determination of
thickness.

6. Thermal dry MFT

Environmental impact from vapor generated from the thermal drying.

7. Electrical treatment

Need better understanding of electrokinetic. Need to research problems with corrosion of the electrodes. Collectionadraf vegen drained to thj
cathode.

8. Blast densification

Need to understand time dependency process. Behaviour of fine tdilirigg blast densification

9. Wick drains

Need to conduct largecale tests to assess viability of this technology. Evaluate clogging of the wick drains in the field. Evaluate wickfoinaianoe in]
conjunction with surcharge loading to accelerat@atering. The mechanics of wicks is not well understood in materials that do not exhibit effectiv
(high fines CT and MFT).

10. Surcharge loading

Evaluate floating loading using geosynthetic reinforcement. Evaluate placement techniques forioiiemaéntation. Evaluate performance with w
drains to accelerate consolidation.

11. CT under MFT

Further research is necessary in a controlled laboratory experiment to better understand the physical, chemical, dodicgsicppba@sses. This witielp
to assess the viability of implementing a fsdiale field testing.

12. Increase tailings sand
density

This technigue has not been favoured by the operators at the present time.

Natural Processes

13. Sedimentation/selfeight
consolidation

Need tobetter understand the simultaneous process of sedimentation and consolidation from the physical and chemical poideetiéewified
theoretical formulation.

14. Evaporation/drying

Cell configuration including degree of slope, length and widdll. il@anagement including MFT distribution, application rate, lift thickness, mechanica
compaction, and release water control. Storage and preparation of polymer, including concentration and mixing with Me&flvatffieg MFT
maturities. Evaporationdm cracked media.

15. Accelerated dewatering

Need to engineer the operational method to implement it. Optimum polder thickness. Increase crack development. Impstaadingdédrainage andj
evaporation processes, especially in cracked media.

16. Feeze/thaw

Optimum lift thickness. Develop robust operational system.

17. Plant (evapotranspiration
dewatering

Conduct smatkcale pilot tests to assess viability of this technology using native species. Develop methods to place seedings)dettiierer
amendments onto the deposit. Evaluate possibility of using in thin lifts similar to evaporation/drying. Buried vegetatsmayvddding organic matter td
the tailings. Evaluate performance in conjunction with frebaev technology.

Chemical/Biological Amendment

18. Thickening process

Thickener feed preparation process, thickener type selection and thickening process. Flocculant selection and flootulelimy tgevelopmen
Contribution of raking mechanism to rate of dewatering. Thickeadihgs transport (conveyor and positive displacement pump), depositio
consolidation. Reuse of thickener overflow water. Impacts on environment and existing plant operation.

19. Inline thickening of fines
(ILTT)

Further research is required to domf the influence of shearing on segregation behaviour of CT made from ILTT under a dynamic condition. Vid
largescale. Robustness of the technology with tailings variability. Quality of released water from the process. Shear thinmetigodst reduce it
effects. Methods to treating MFT directly without dilution.

20. Whole tailings coagulatio

Understand the coagulation characteristics of whole tailings. A rheology modification chemical is required to facifitete thaterial integratig in the
coarse structure.

21. Whole tailings
flocculation

Understanding the flocculation characteristics of whole tailings. Impact of bitumen and sand on flocculation procesef @labised water from th
process. Evaluation of flocculants shibinclude clay mineralogy, age of the slurry, the method of flocculant introduction, the dilution of the slurry,
of the slurry, the mixing shear and the conditioning and contact time. A rheology modification chemical is requiretite fheilines material integratin
in the coarse structure.

22. Inssitu biological
treatment

Need to understand the gas migration process through MFT and how it relates to consolidation of MFT. Also consolidatigrstheatoff the drainag
channels has to Harther studied. Better understanding of microbes present in MFT produced by different oil sands extraction operatorglex¢iéad
roles that these microorganisms play in methanogenesis and MFT densification in the tailings ponds. Need to bttengpcirin MFT densification
and its effectiveness in the long term.

23. Insitu chemical treatment

Develop a systematic method to ensure adequate mixing. Understand required dosages and associated costs. Deternshénpqiientefit. Neetb
identify roles of different chemical additives in modifying tailings properties.

24. Reduce dispersion of fing
in process

Evaluate segregation behaviour. Test additional additives to increase bitumen extraction efficiency. Evaluate sedicws@ltdation and strengt
performance characteristics.

Mixtures/Co-disposal

25. Composite/
consolidated tailings (CT)

Develop a robust operational system to makesmec CT. Evaluate new amendments (alternative to gypsum) suchy,aal@®and polymers. Miebds to
improve offspec CT performance.

26. MFT spiked tailings

Methods to increase fines capture without compromising trafficability. A better understanding of the role of fines fromr8tBTthe fines from wholl
tailings and the impact on spikedlitayjs geotechnical performance.

27. Mixing MFT with
Clearwater overburden

Quantification of mixing proportions depending on the material properties and how to obtain adequate mixing. Evaluateftithspertation of thq
resulting mix.

28. Mixing MFT with other
overburden

Quantification of mixing proportions depending on the material properties and how to obtain adequate mixing. Evaluatefriretieptsrtation of the
resulting mix.
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Tailings Treatment Technology Technology Gaps

29. Mixing MFT with
reclamation material

Quantification of mixng proportions depending on the material properties and how to obtain adequate mixing. Evaluate methods of transploet
resulting mix.

30. Mixing MFT/CT with
coke

Quantification of mixing proportions depending on the material properties. Uaidéirsy consolidation behaviour. Understanding depositional behd
(i.e. segregation). Assessment of toxicity in different plant species.

31. Mixing thickened tailings
with sand

Deeper insight into the geotechnical properties of thickened tailingsisixed would assist full fiekdcale planning tests which are extremely expend
Strength and consolidation behaviour of various mixtures of sand and thickened tailings are not known. Evaluate lipotéatiéhn

Permanent Storage

32. MFT water capgd lake

Uncertainties remain regarding function and success including water quality and toxicity, sustainability and liabilinteAqpeantification of methan
release from biodegradation needs to be addressed. Understand how gas production imparctswarigr quality.

33. End pit lake

Uncertainties remain regarding function and success including water quality and toxicity, sustainability and liabilinteApeantification of methan
release from biodegradation needs to be addressed. Undérstagds production impacts long term water quality.

34. Store MFT in undergroun
caverns

Need to evaluate volumes to be stored, adequate locations and costs. Needs to evaluate suitability of this technigjiesitm beeapil sands industry.
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TaHle 4: Graphical view of the stage of maturity of each technology. A full bar represents completion of a stage, while a paptiesbats a relative progression into another
stage of maturity.
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APPENDIX 2: Summaries of Each of the 34 Technologies

This Appendix containgables summarizingach of the 34 technologies, providing:
1 A short description

Pros

Cons

State of technology

Knowledge gaps

Relative cost

Comments

= =4 4 4 A4 A -

List of relevant references (see Section 7)
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1. Filtered whole tailings

Description:

Filtration of the unaltered extraction tailings stream. Whole tailings are vacuum/pressure filtered in a filter
plant and transported at low moisture content. Filtering can take place using pressure or vacuum force.
Drums, horizontally or vertically stacked plates and horizontal belts are the most common filtration plant
configurations.

Pros:

1 Requires a small footprint for tailings storage.

91 High recovery of process water.

f Filtration produces fdry tailingso for stack

I Can be compacted.

i Attractive to regulators.

I Ease of progressive reclamation and closure of the facility, amenable to concurrent reclamation.

1 Low long-term liability in terms of structural integrity and potential environmental impacts.

I Use of flocculants improves filterability significantly.

9 Dry tailings can be stacked at slopes greater than 10%.

1 No long-term consolidation settlements are expected because of the low moisture content. (Some
post reclamation elastic or collapse settlements may still occur depending upon the density of the
final deposit).

Cons:

1 The process is costly due to the large amount of coagulant used and the high capital and
operating costs for filtration equipment

i1 Filtered tailings are no longer pumpable (low water content) and they need to be transported by
conveyor or truck

1 Often more expensive per tonne of tailings stored than conventional slurry system, costly to truck

and compact
The residual bitumen from extraction can clog the filters
Target only new tailings, not legacy MFT

Some reports indicate it is impractical to filter whole tailings with more than 4% fines without
using flocculant

Challenging winter operations

Water quality may be affected by flocculants (if used).

Stage of technology: Applied research (mature in several non-oil sands tailings industries).
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Knowledge gaps:

1

f
f
f
f

Optimize various polymer parameters: ionic type, charge density, molecular weight and dosage
for a given tailings composition (fines content)

Further study the impacts of polymers on water quality
Evaluate the filterability of tailings and filtration performance
Evaluate at large scale

Investigate filtration systems that can deal with bitumen fouling and high fines content

Relative Cost: High upfront capital and operational costs

Comments: Major area of tailings research worldwide. More common for small mines.

References: 4, 11, 39, 65, 85, 127, 178, 184
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2. Cross-flow filtration of whole tailings

Description:

Cross-flow filtration gets its name because the majority of the feed flow travels tangentially across the surface
of the filter, rather than into the filter. The main advantage of this is that a thickness of the filter cake (which
can blind the filter) is substantially limited during the filtration process therefore the cross-flow filtration can be
operated for a longer time compared to the other filtration methods. It can be a continuous process.

Pros:

1 Higher dewatering rate is achieved by limiting cake thickness.

9 Process feed remains in the form of a mobile slurry, suitable for further processing.
9 Solids content of the product slurry may be varied over a wide range.
1 No chemical additive is required therefore no changes in the water chemistry.
I Target both new tailings and legacy MFT.
Cons:

1 Performance may be affected by the variability of whole tailings composition (fines content may affect
performance).

1 Presence of residual bitumen may plug the membrane pores affecting performance.

Stage of technology: Basic research.

Knowledge gaps

1 It was found that increasing slurry velocity during crile filtration operation can improve filtrate rate
Further confirmation on influence of transmembrane pressure and tailings slurry velocity on the perfort
for various feeds (eg. variotimes content) are required.

1 Define variation of permeate flux and quality as well as cake characteristics along pipe length.

T Investigate whether this technology can be used effectively on TFT and MFT.

Relative Cost:

High upfront capital and operatiorzdsts

Comments: This technology is currently being investigated at the University of Alberta

References: 4, 11, 39, 65, 70, 85, 127, 178, 184, 187
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3. Filtered coarse tailings

Description:

Filtration and dry stacking of the coarse fraction (cyclone underflow) of the tailings slurry. Variants include
adding some fines to the mix prior to filtration.

Pros:
1 Applicable without flocculants when fines content is less than 4% (184).

9 Viable method after flocculation for tailings with about 12% fines, whiolrespond to the sedimen
underflow from gravity settlers such a Primary Separation Vessel (PSV) (184).

1 Low fines content can cause faster filtration and less blinding.

1 Operational costs are reduced if flocculants are not required. This may be only akragtitlow fines content
(< 4% fines).

Y Results in a useful construction material with lower ionic contents.

Cons:
1 Need to remove the fine fraction using a hydrocyclone or other methods.
1 Compaction or special handling procedures required for deposits.

i Hidh transport and deposition costs.

Stage of technology: Basic research and applied research and demonstration.

Knowledge gaps
1 Optimize various polymer parameters: ionic type, charge density, molecular weight and dosage for a
given tailings composition (fines content)
1 Further study the impacts of polymers on water quality
1 Evaluate the filterability of tailings and filtration performance
1 Evaluate at large scale
1

Investigate filtration systems that can deal with bitumen fouling and high fines content

Relative Cost:

High upfront and operational costs.

Comments: Syncrude eliminated this technology because it was deemed to have a low probability of
success at Mildred Lake site (175).

References: 4, 11, 39, 65, 85, 127, 175, 178, 184
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4. Filtered thickened fines tailings

Description:

Filtration and dry stacking of thickener underflow (predominantly fines). Other fine tailings streams are
centrifuge fine tailings and MFT.

Pros:
1 Address legacy MFT

I Generate dry stack tailings with the benefits described inpgtevious technologies

Cons:

1 Filterability is relatively low, due to the high fines content.

Stage of technology: Basic research.

Knowledge gaps

1 Need to identify polymers (flocculants, coagulants) that can deal with high fines content tailings and
make the filtering more effective.

Relative Cost:

High upfront and operational costs.

Comments: This technology has been proposed, but it seems impractical due to the high fines content.

References: 4, 11, 39, 65, 85, 127, 178, 184
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5. Centrifuge fine tailings

Description:
A centrifuge applies up to thousands of times the force of gravity to extract fluid from material. The outlet
stream yields solids at a density of about 60% solids. The other stream yields water, bitumen, and a minor
amount of fines.
Pros:
1 Requires relatively small storage area
1 Recover large amount of process water
9 Insensitive to bitumen fouling
1 Address legacy MFT
1 The solid bowl centrifuge is a continuous feed operation typically requiring reduced labour and operatof
I This technadgy is also noted as being the best technology for most oil, water, and latex sludge streams
cake can be produced at a sufficiently high solids content to truck or convey to a reuse or to a final ¢
site
1 As with most mechanical dewatering ®ms, the need for settling basins, return water systems
containment area reclamation, as well as the piping and pumps to the settling area is minimized or elim
1 Resulting deposit may be trafficable to specialized equipment and suitable for higdsaund capping o
reclamation
9 Allows processing of tailings that is decoupled from the extraction process.
Cons:
1 High upfront capital and operating costs
1 There may be issues with scalp and trafficability (soft ground conditions can impede progress)
1 Transporting centrifuged cake may be challenging
1 Does not target new fines
1 Operation of a centrifuge requires a higher skill level and a more experienced operator
1 Requires a greater amount of electric power compared to filter press and belt press teclesologi
1 The solid bowl centrifuge functions as a secondary dewatering step necessitatingtlasickeming step;
usually accomplished by a conventional thickener or clarifier. This technology must be considered a g
more complex process and is not appliaas a stanélone dewatering system.
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Stage of technology: Applied research and demonstration.

Knowledge gaps

1

= =4 =4 =4

Flocculant optimization

Cake transportation issues: conveyor and positive displacement pump.
Need to evaluate centrifuge operational paramet@nd performance.
Centrifuge scaleip studies.

Need to further assess dewatering of centrifuged cake by natural processes and determination of opti
thickness.

Relative Cost: High upfront capital and operating costs

Comments: Syncrude is currently testing this technology.

References: 4, 16, 39, 49, 85, 87, 117, 120, 126, 127, 129
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6. Thermal drying MFT

Description:

Heating MFT in an oven / kiln to reduce the moisture content of MFT. Thermal drying can remove water from
sludge to a significantly higher degree than all other dewatering processes.

Pros:

1 Thermal MFT drying eliminates water and diminishes the volume of the MFT by a factor of 4 to 5
91 It lowers the transportation cost and facilitates storage

1 Rapid removal of moisture in MFT.

Cons:

1 Thermal drying is noted for its high-energy demand.

Stage of technology: Basic research.

Knowledge gaps

1 Environmental impact from vapor generated from the thermal drying.

Relative Cost:

High upfront capital and operational costs.

Comments: No much interest in this technology.

References: 9, 39, 127
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7. Electrical treatment

Description:

Application of a direct current (DC) electric field to a clay slurry causes negatively charged clay particles to
migrate to the positive (anode) electrode, resulting in accelerated sedimentation. There are three distinct
electrokinetic transport mechanisms: electrophoresis, dielectrophoresis, and electro-osmosis.

Pros:

9 Electrophoresis can be employed in the treatment of slurries

9 Electro-osmosis becomes significant when the slurry is gradually converted to a porous soil mass
1 Can be used in conjunction with surcharge loading and wick drains
1

Can also be combined with conventional filter presses.

1 Involves very high energy costs

Applicable to relatively narrow range of materials (primarily silts)

1

1 Difficulty in removing supernatant liquid

1 Problems with corrosion of the electrodes
1

Considered an 6éemer gi-to-godplant-scalehuseot irdogmatiomavaildble.l i t t |

Stage of technology: Basic research.

Knowledge gaps:

1 Need better understanding of electrokinetic
1 Need to research problems with corrosion of the electrodes

1 Collection and removal of water drained to the cathode.

Relative Cost:

Low upfront capital cost, but high operational cost.

Comments: In recent years there has been an interest in the possible combination of surcharge preloading,
vertical drains, and electro-osmosis to consolidate clay soils.

References: 54, 56, 98, 124, 154, 155, 156, 157,158, 165
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8. Blast densification

Description:

Explosive compaction is carried out by setting off explosive charges in the ground. The energy released
causes liguefaction of the soil close to the blast point and causes cyclic straining of the soil. Liquefaction of
the soil followed by time-dependent dissipation of the water pressures causes re-consolidation within the soil
mass. "Short term" volume change is also caused by passage of the blast-induced shock front through the
soil mass.

Pros:
I Use to pack loose, saturated, medium to coarse sands

1 Eliminate thepotential for liquefaction

Cons:
1 Densification is not an instantaneous phenomenon
1 Possibility to damage nearby retention structures (dykes);

1 Requires monitoring (surveying, pore pressure)

Stage of technology: Basic research.

Knowledge gaps:

1 Need to understand time dependency process.

1 Behaviour of fine tailings during blast densification

Relative Cost:

Low

Comments:

This technology was used at Suncor site in 1991.

References: 55, 61, 84
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9. Wick drains

Description:

Wick drains greatly facilitate the dewatering process by providing a suitable conduit to allow the pore water to
escape very quickly. They are installed at close spacing shortening the flow path, and thereby expediting the
consolidation process.

Pros:

1 Accelerate the consolidation process reducing settlement times from years to months.
1 Allows an accelerated placement of a final reclamation cover.

1 Address legacy MFT/CT volumes.

1 Wick drains may not retain their shape and integrity over time due to large settlement.

1 As water is drained from the tailings, solid-like tailings begin to form around the wick drains and
hence the hydraulic conductivity of these materials begins to impact flow rates in the wick drains.

Clogging of wick drains.
May require surcharge loading.

Difficulty getting equipment onto the soft deposit.
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Costly due to close spacing of wick drains.

Stage of technology: Applied research and commercial demonstration.

Knowledge gaps:

1 Need to conduct large-scale tests to assess viability of this technology.

1 Evaluate clogging of the wick drains in the field.

1 Evaluate wick drain performance in conjunction with surcharge loading to accelerate dewatering.
1

The mechanics of wicks is not well understood in materials that do not exhibit effective stress (high
fines CT and MFT).

Relative Cost:

High upfront capital cost.

Comments:

Suncor is currently testing this technology.

References: 3, 18, 33, 156, 179
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10. Surcharge loading

Description:

Enhance consolidation of MFT or CT by application of a surcharge load (e.g. coke).

Pros:

Accelerates the dewatering process.

Coke cap can be placed on top of MFT by sub-aqueous discharge.
Use of geosynthetics can prevent mud wave but it is costly.

Can be used with wick drains to accelerate consolidation.

A few feet of surcharge is necessary to form a pad on which equipment can operate.
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Drainage blanket installed at the bottom can accelerate the dewatering process by applying a partial
vacuum to the system.

1 Allows for trafficability of the deposit.

9 Difficult to place the surcharge cap on top of the MFT.
1 Stability issues during cap placement (mud waves).

1 Clogging of geotextile separation blankets remains a concern.

Stage of technology: Applied research and commercial demonstration.

Knowledge gaps

1 Evaluate floating loading using geosynthetic reinforcement.
1 Evaluate placement techniques for optimal implementation.

1 Evaluate performance with wick drains to accelerate consolidation.

Relative Cost:

Low

Comments:

Suncor is currently conducting field trials.

References: 3, 35, 73, 74, 181

9C



11. CT under MFT

Description:

Deposition of CT under MFT to improve CT release water quality and probably the solids densification rates
of both CT and MFT.

Pros:

1 Improves quality of CT release water by reduction in the concentrations of calcium and sulphate ions,
and the electrical conductivity.

1 Improve CT and MFT densification rates

Cons:

I Effects are modest

Stage of technology: Basic research.

Knowledge gaps

1 Further research is necessary in a controlled laboratory experiment to better understand the physical,
chemical, and microbiological processes. This will help to assess the viability of implementing full-
scale field testing.

Relative Cost:

Low

Comments:

References: 105
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12. Increase tailings sand density

Description:

This technique aims to reduce segregation by increasing solids content of tailings sand slurries in the pipeline
prior to beaching.

Pros:
9 High solids content slurry can be stacked at a significant slope and will promote dewatering by gravity
drainage.
The internal surcharge of coarse solids will accelerate the rate of dewatering of the contained fines.

Formation of a partially segregating system.

Cons:
1 Difficulty in raising the solids content of a mix high enough to give a product which will stand on a
slope, by blending existing slurries.
Difficulty in pumping high solids content material.

Surcharging (internal) does not significantly accelerate the rate of dewatering unless flocculants are
added.

1 Addition of solids, such as sand, only raises the solids content, not the viscosity (segregation is not
eliminated).

1 Equipment access may be an issue due to cyclic mobility (liquefaction) during trafficking.

Stage of Technology: Basic research.

Knowledge gaps:

9 This technique has not been favoured at the present time.

Relative Cost:

Low to medium

Comments:

References: None.
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13. Sedimentation/self-weight consolidation

Description:

Sedimentation is a gravity-settling of suspended solids from a liquid. As the concentration of solids particles in
the sediment rises, the degree of inter-particle contact increases and dewatering by self-weight consolidation
begins to take effect.

Pros:
I Tailings are pumped directly to a disposal area and are allowed to passively dewater while
supernatant is decanted and recycled back into the process.

I Low cost, elimination of mechanical dewatering equipment necessitated by an accelerated process
approach.

1 Maintenance requirements and operator expertise are minimal as the approach is basic with limited
technology.

1 Robust in that it is effective for widely varying feed characteristics.

Cons:

1 Requires vast areas to provide sufficient storage.
Engineered dams may be required, with the associated construction and maintenance costs.
Pumping logistics are to be considered with the generally increased distance.

Chemical treatment may be necessary to enhance rate of settlement.
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Relatively slow process which result in only partial dewatering.

Stage of technology: Mature (operates commercially).

Knowledge Gaps

1 Need to better understand the interparticle forces inhibiting MFT to dewater to higher solids content.

1 Sedimentation and consolidation analysis is of great practical importance in slurry handling
processes. Sedimentation and consolidation phenomena are conventionally treated as two separate
processes although in practice the phenomena are interconnected and there is a need to analyze
them together.

1 An improved fundamental understanding of the fluid to soil transition and the concomitant strength
development will lead to better design and management of tailings facilities. Both sedimentation and
consolidation phenomena are reciprocally recognized but a unified theoretical formulation that can
correctly capture a transformation from sedimentation to consolidation does not exist yet and current
practice is often based on empiricism.

Relative Cost: Low

Comments:

Currently used in the oil sands industry.

References: 3, 5, 7, 10, 13, 17, 19, 24, 35, 36, 39, 40, 41, 42, 43, 65, 67, 73, 74, 77, 97, 111, 116, 127, 133,
134, 137, 146, 148, 168, 169, 170, 171, 172, 176, 183
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14. Evaporation/drying

Description:

Deposition of MFT in thin lifts and allowing the lifts to dissicate by evaporative drying. Tailings form a
relatively high strength crust. Tailings may be amended with a coagulant to enhance dewatering and
increase slope angles.

Pros:
1 Resulting surface is trafficable with modest equipment and suitable for additional layers for
dewatering or sand capping and terrestrial reclamation.
1 Post-reclamation settlement is expected to be small.

1 Development of natural cracks as shrinkage occurs provides drainage channels for
horizontal movement of water and additional surface area for evaporation.

I Tailings may be amended with chemical additives (polymers) to enhance dewatering and
increase slope angles.

Cons:

Requires surface water management.

Only thin layers can be treated and repeated through the summer.

Large areas are required to treat large quantities.

Need dyke structures (cell construction).

Salt crusting or bitumen on the surface may reduce the evaporation rate.
Vagaries of the weather can make this technology challenging to manage.
Requires near-level sites to minimize earthwork.

Labour intensive.

High operational costs.
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Trafficability of final deposit is still only modest.

Stage of technology: Applied research and demonstration.

Knowledge gaps

1 Cell configuration including degree of slope, length and width.

1 Cell management including MFT distribution, application rate, lift thickness, mechanical
compaction, and release water control.

1 Storage and preparation of polymer, including concentration and mixing with MFT.
1 Effect of varying MFT constituents and/or solids.

i Evaporation from cracked media

Relative Cost: High operational cost

Comments:

Suitable for modest volumes, but being considered for larger volumes by some operators.

References: 1, 10, 39, 58, 65, 91, 112, 127, 128, 139, 140, 152, 159, 180
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15. Accelerated dewatering

Description:

Excavation of perimeter ditches (rim ditching) around a poulder of MFT or CT to promote drainage and
evaporation. This technique lowers the water table of the deposit accelerating the consolidation process.

Pros:

Proven technology in Florida with phosphate tailings.

Little intervention and low operational costs.

Stand alone deposit.

Potential MFT volume reduction of 50% after three to five years.
Can be implemented in deep impoundments, 30 m plus (86).

Formation of cracks accelerates the dewatering process.
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Resulting soft material can be suitably capped and reclaimed.
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Unproven in Alberta oil sands at commercial scale.

Expensive chemical addition potentially needed to control bitumen fouling.
Large up-front capital cost to build dykes.

Requires additional disturbance footprint.

Deepening of the rim ditches requires judgement and experience.
Vagaries of the weather can make this technology challenging to manage.

Labour intensive.
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Benches cut in the earth embankment are costly and time consuming.

Stage of technology: Applied research and demonstration, mature elsewhere

Knowledge gaps:

1 Need to engineer the operational method to implement it at large/commercial scale.
1 Optimization of impoundment thickness.

1 Research should be directed at accelerating the formation of the cracks in the MFT.

1 Improved understanding of drainage and evaporation processes, especially in cracked media.

Relative Cost:

Low to medium

Comments:

Syncrude is currently testing this technology.

References: 1, 10, 21, 22, 49, 58, 87, 91, 128
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16. Freeze-Thaw

Description:

Deposition of MFT or CT in multiple thin layers which are allowed to freeze and then the frozen
mass is allowed to thaw the following summer. The freeze-thaw cycle causes soil-l i ke fAped
a structure which quickly consolidates.

Pros:

1 Low upfront capital cost.

9 Significant thickness can be treated by freezing subsequent layers on top of a previously
frozen layer.

1 Results in moderately low strength deposits up to 14 kPa in one year (37, 135) with low
settlements. This may open up other reclamation options. Suitable for hydraulic sand
capping as well.

Cons:

9 Thickness is related to how much can the thawed the following year (2 to 3m)

1 Resulting material remains saturated and soft so is only suitable for hydraulic sand capping
or reclamation using specialized equipment.

Requires large areas and containment structures because of the thin fluid lifts.
Managing the pumping of fluids during extremely cold temperatures is challenging.

Labour intensive.
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Success subject to weather and operator diligence.

Stage of technology: Applied research and demonstration.

Knowledge gaps

1 Optimum lift thickness.

1 Understanding the likely final solids content/consistency in large scale applications to
develop effective reclamation strategies.

1 Development of a robust operational system.

Relative Cost:

Low upfront capital cost. High opstional costs.

Comments:

Suitable for modest volumes, but being considered for larger volumes by some operators. The scale
of tailings and pond operations means that any use of freezing and thawing cycles is through use of
the natural seasonal cycles. Freezing and thawing presents the opportunity to release more water
from tailings streams, and to separate salts from water.

References: 10, 37, 38, 39, 59, 60, 80, 127, 130, 135, 136, 151, 152, 153
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17. Plant (evapotranspiration) dewatering

Description:

The planting of grasses, shrubs or trees on CT may assist in dewatering (plant transpiration) and
consolidation by the fibrous roots withdrawing water for growth.

Pros:

1 Suitable plant species can grow in tailings removing water by transpiration through the leaves.
1 Plants transpire large quantities of water during the growing season.

1 Absorption of CO; by plant.
l

Root development increases bearing capacity at the tailings surface facilitating access of low
pressure equipment for reclamation.

1 Vegetation can assimilate minerals and various organic toxic compounds and much of this material
can be removed by timely harvest.

1 High salinity of tailings can inhibit establishment and healthy growth.
1 Challenges getting seeds to develop in the deposit i work best with seedlings.

1 Placement of fertilizer, seedlings/seeds and other amendments onto large deposits is not well
developed.

Depth of dewatering in limited by root depth.

Concern regarding use of non-native and potentially invasive species.

Stage of technology: Basic research. Previous applied research and development were conducted in the
field (79).

Knowledge gaps

1 Conduct small-scale pilot tests to assess viability of this technology using native species.
1 Develop methods to place seedlings, fertilizer and other amendments onto the deposit.

1 Evaluate possibility of using in thin lifts similar to evaporation/drying. Buried vegetation will decay
adding organic matter to the tailings.

1 Evaluate performance in conjunction with freeze-thaw technology.

Relative Cost:

Low upfront capital cost. High operational costs.

Comments:

Previous field trials were conducted (Johnson et al. 1993)

References: 1, 10, 14, 15, 31, 39, 63, 80, 93, 94, 127, 141, 142, 145, 150, 152, 162
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18. Thickening process

Description:

Using (polymer) flocculants in conjunction with mechanical thickeners to densify TFT or diluted MFT.
Thickeners incorporate moving components, such as rakes, which shear flocs and promote removal of
entrapped water.

Pros:

i Targets new fines.
9  Quickly recovers process water with its contained heat.

1 Densifies the tailings outlet stream enhancing fines capture in sand deposits. The fines captured will
not be available to make more MFT.

1 Resulting material can be deposited with less land disturbance with the potential of accelerated land
reclamation.

Reduces groundwater concerns.
Requires more modest containment.

More stable deposits.
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High solids underflow from thickener.
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Resulting material is still a slurry requiring further treatment.

Requires careful operational control and qualified operations staff.

Does not address legacy MFT.

Bitumen accumulation in the thickener feedwell can impair flocculation efficiency.
High startup and operational costs, experienced operators needed.

Long-term consolidation settlement.

Adverse impacts of plant upset conditions.
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Tailings can only be stacked at slopes of 0.5% to 1%.

Stage of technology: Applied research and demonstration, mature elsewhere.

Knowledge gaps

1 Thickener feed preparation process, thickener type selection and thickening process.
1 Flocculant selection and flocculation technology development.

1 Contribution of raking mechanism to rate of dewatering.
1

Thickened tailings transport (conveyor and positive displacement pump), deposition and
consolidation.

Reuse of thickener overflow water.

Impacts on environment and existing plant operation.
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Relative Cost:

High upfront and operational costs.

Comments:

A number of operators are testing this technology.

References: 4, 6, 16, 26, 32, 49, 65, 79, 85, 89, 90, 99, 101, 113, 127, 138, 143, 144, 159, 173, 174, 182,
185, 186
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19. In-line thickened tailings (ILTT) technology

Description:

Injection and mixing of flocculants and coagulants into TFT stream in an in-line multi stage fashion.
Conceptually by binding fine particles at low solids content into flocs, the hydraulic conductivity is increased,
tortuousity is decreased and the mass of the falling flocs is increased. This process is aimed to improve
settling and strength behavior of TFT.

Pros:

1 Rapid dewatering of COT.
1 Require a relatively small containment area to store ILTT.

1 Undrained shear strength of ILTT is considerably higher than that of COT or MFT. The combination of
the high hydraulic conductivity and the high undrained shear strength opens up other possible
dewatering techniques.

Reduce energy cost by returning water with its heat.

No or little coagulant addition will be required to make CT from ILTT resulting in a reduction in cost
and an increase in the quality of the recycle water.

1 Reduction of new MFT formation and storage.

Cons:

T Fl oc disruption during tailings transportati ol
undrained shear strength.

The advantage of being more permeable of ILTT can disappear at higher solids contents.

Challenging to pump ILTT from depositional ponds and mix it with cyclone underflow tailings to make
CT without a significant breakdown of the floc structure.

Potential adverse impacts on water quality due to the addition of coagulants and flocculants.
Requires increased operational control.

High operational cost.

Stage of technology: Applied research and demonstration.

Knowledge gaps
91 Further research is required to confirm the influence of shearing on segregation behaviour of CT
made from ILTT under a dynamic condition.
1 Viability at large-scale.
1 Robustness of the technology with tailings variability.
1 Quality of released water from the process.
1 Shear thinning and methods to reduce its effects.
1 Methods to treating MFT directly without dilution

Relative Cost: High upfront capital and operational costs.

References: 4, 6, 16, 32, 65, 75, 76, 78, 85, 99, 159
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20. Whole tailings coagulation

Description:

A coagulant is added into the tailings pipeline to generate whole-tailings CT or partially segregating CT.
Coagulants cause aggregation of colloids by changing their characteristics or surface charge.

Pros:
1 Resulting material may be suitable for vacuum or pressure filtration (not an economical method) or
building beaches and slopes (less than 1% slope to minimize segregation).
Recovers large amounts of process water and reduces water capture in MFT.

Sedimentation and initial consolidation commence almost immediately after deposition and is
complete within a short period of several days to a few weeks.

1 Captures new fines reducing MFT generation.

1 Chemical reagents probably generate detrimental effects on recycle water quality.
1 High operational cost.

1 May need to be used with flocculants.

1

Potential adverse impacts on water quality due to the addition of coagulants and flocculants.

Stage of technology: Applied research and demonstration.

Knowledge gaps

1 Understand the coagulation characteristics of whole tailings.

1 A rheology modification chemical is required to facilitate the fines material integrating in the coarse
structure.

Relative Cost:

High upfront and operational costs.

Comments:

References: 32, 65, 85, 90, 99, 159, 173, 174
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21. Whole tailings flocculation

Description:

Flocculants are added into the tailings pipeline to generate whole-tailings CT or partially segregating CT.
Flocculants cause chemical bonding of colloids.

Pros:

1 Resulting material is suitable for vacuum or pressure filtration (not an economical method) or building
beaches and slopes (less than 1% slope to minimize segregation).

Recovers large amount of process water.

Sedimentation and initial consolidation commence almost immediately after deposition and is
complete within a short period of several days to a few weeks.

Hundreds of commercial flocculating reagents are available.

Addresses new fines.

Cons:

1 Unpredictable performance due to tailings variability.
Requires enhanced operational control/care.
Use of chemical reagents may generate possible detrimental effects on recycle water quality.

High operational cost.
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May need to be used with coagulants.

Stage of technology: Applied research and demonstration.

Knowledge gaps

1 Understanding the flocculation characteristics of whole tailings.
1 Impact of bitumen and sand on flocculation process.

1 Quality of released water from the process.
1

Evaluation of flocculants should include clay mineralogy, age of the slurry, the method of flocculant
introduction, the dilution of the slurry, the pH of the slurry, the mixing shear and the conditioning and
contact time.

1 A rheology modification chemical is required to facilitate the fines material integrating in the coarse
structure.

Relative Cost:

High upfront and operational costs.

Comments:

References: 32, 39, 65, 66, 85, 90, 99, 127, 138, 149, 159, 173, 174
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22. In-situ biological treatment

Description:

Inoculation or enhancement of bacterial action to densify MFT or fine tailings. Methane production
(methanogenesis), which is a biological activity accomplished by a consortium of anaerobic microbes,
accelerates densification of mature fine tailings (MFT) by generating channels in the tailings where gas
bubbles rise.

Pros:

i Low cost.

1 Micro-biological activity produces carbon dioxide and methane leading to formation of gas pockets
which coalesce to provide vertical drainage channels accelerating drainage and densification.

1 Limited knowledge.

91  This process is difficult to control in a large scale.
1 Not proven technology.
1

Lack of understanding of microbes present in MFT.

Stage of technology: Basic research.

Knowledge gaps
1 Need to understand the gas migration process through MFT and how it relates to consolidation of
MFT. Also consolidation that may shut off the drainage channels has to be further studied.

1 Better understanding of microbes present in MFT produced by different oil sands extraction
operators.

1 Need to identify roles that these microorganisms play in methanogenesis and MFT densification in
the tailings ponds.

1 Need to better quantify impact in MFT densification and its effectiveness in the long term.

Relative Cost:

Low upfront and operainal costs.

Comments:

References: 50, 64, 68, 88
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23. In-situ chemical treatment

Description:

Injection and mixing of chemical amendment to MFT in situ. Chemical additives injected in tailings ponds can
increase the efficiency of the consolidation process by changing the pH or by promoting coagulation and/or
flocculation.

Pros:

1 Chemical reagents can reverse the dispersive effects of caustic used in the extraction process.
i Address legacy MFT.

91 Does not require additional footprint because the tailings are treated in situ.

1 Limited knowledge on coagulants and flocculants.
1 Not proven technology.

1 Injecting and mixing in situ can be very challenging.

Stage of technology: Basic research.

Knowledge gaps
1 Develop a systematic method to ensure adequate mixing.
1 Understand required dosages and associated costs.
1 Determine net potential impact/benefit.
1

Need to identify roles of different chemical additives in modifying tailings properties.

Relative Cost:

Low upfront and operational costs.

Comments:

References: 32, 65, 83, 85, 99
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24. Reduce dispersion of fines in process

Description:

Change tailings water chemistry to reduce the amount of fines dispersion and trap more fines within the
tailings sand.

Pros:

9 Dispersion is reduced by eliminating the use of sodium hydroxide in the extraction process.
1 Improves the energy efficiency, reducing operational costs.

1 Reduces the volume of process water.

1 Brings significant environmental benefits.

9 Produces a tailings effluent with better short-term consolidation properties.

1 Allows hydraulic sand capping soon after deposition and can subsequently be reclaimed to support
terrestrial land uses.

Cons:

1 Contradicts the existing knowledge of bitumen extraction.

1 Lower bitumen extraction efficiency.

Does not appear to enhance long-term consolidation rates

Total volume of soft material increased substantially.

Stage of technology: Commercial demonstration and mature.

Knowledge gaps

1 Evaluate segregation behaviour.
1 Test additional additives to increase bitumen extraction efficiency.

1 Evaluate sedimentation, consolidation and strength performance characteristics.

Relative Cost:

High

Comments:

This technology is used by Syncrude in its Low Energy Extraction process.

References: 5, 86, 132, 133, 134
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25. Composite/consolidated (CT) tailings

Description:

MFT is pumped from reservoirs and combined with cycloned tailings and a coagulant to produce a non-
segregating slurry that consolidates over several decades and is strong enough and dense enough to allow
hydraulic sand capping.

Pros:

1 Relatively low cost.
9 Operationally implemented at large scale.

1 Deals with legacy MFT.

1 Non-segregating tailings slurry.

1 Consolidates over a short time to form a solid landscape suitable for hydraulic sand capping and
terrestrial reclamation.

I Tailings management flexibility.

I Consolidation rates for on-spec CT higher than expected.

1 Requires robust system to deal with variability of feed.

1 Requires large containment until it solidifies (containment is expensive).
1 Low energy efficiency.
1

Operators have experienced difficulty in consistently depositing on-spec CT. Off-spec CT has
consolidation properties similar to those of MFT.

Careful engineering and operation is required to prevent segregation during deposition.
Requires large amount of sand, supplemental source of sand will be needed to treat the legacy MFT.

Dosage of gypsum is quite large resulting in the buildup of calcium and sulphate ions in the recycle
water which in time will negatively affect bitumen extraction.

Produces additional MFT from the cyclone overflow.

Potentially causes H,S emissions by anaerobic reduction of S0,? with the residual bitumen in the
tailings.

1 Bulking up of material with poor consolidation characteristics.

Stage of technology: Mature (operates commercially).

Knowledge gaps

1 Develop a robust operational system to make on-spec CT.
1 Evaluate new amendments (alternative to gypsum) such as CO,, alum and polymers.

1 Methods to improve off-spec CT performance.

Relative Cost: Low

References: 7, 17, 19, 23, 24, 27, 39, 41, 44, 97, 108, 110, 112, 114, 118, 119, 127, 137, 159
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26. MFT spiked tailings

Description:

Inject MFT into a coarse tailings stream to form a segregating slurry. Beaches trap higher proportion of clays
and fines.

Pros:
1 Address legacy MFT

1 Practical andast effective

1 Trafficability of spiked beaches is marginal.

1 Additional fines in the deposits would also affect their rate of consolidation and this could influence
the rate at which each lift could be built, as well as the ultimate height achievable safely.

Stage of technology: Applied research.

Knowledge gaps
1 Methods to increase fines capture without compromising trafficability

1 A better understanding of the role of fines from MFT versus the fines from whole tailings and the
impact on spiked tailings geotechnical performance.

Relative Cost:

Low

Comments:

References: 7, 34




27. Mixing MFT with clearwater overburden

Description:

Mixing of Kc and MFT to form semi-solid mixes suitable for storage in polders. Water from MFT is absorbed
by Kc resulting in a weaker, more plastic material.

Pros:

I Clearwater formation contains a considerable amount of bentonite that can be blended with MFT to
extract large amounts of water from the MFT.

1 Kcis abundant in overburden in the mineable oil sands area.
1 Avoids the use of costly chemicals and mechanical dewatering machines.
9 Process can be applied to any thickness (compared to technologies that rely on natural processes).
1 Resulting material deemed adequate for stacking.
9 High strength and rapid stabilization allows early access onto the deposit for reclamation.
Cons:

1 Controlling the deposition strategy to optimize the blending of the coarse and fine waste feeds is
challenging.

It is only really economic where the two feeds can be pumped together or blended for in-pit storage.

The resulting mix would not be pumpable.

Stage of technology: Applied research, but discontinued.

Knowledge gaps

1 Quantification of mixing proportions depending on the material properties and how to obtain adequate
mixing.

1 Evaluate methods of transportation of the resulting mix.

Relative Cost:

Low

Comments:

References: 7, 39, 45, 46, 72, 102, 103, 104, 123, 127, 131
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28. Mixing MFT with other overburden

Description:

Mixing of glacial materials (tills, clays, sands) and MFT to form a semi-solid mixture suitable for storage in
polders.

Pros:
I More abundant overburden material to mix with MFT;
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Cons:

1 Controlling the deposition strategy to optimize the blending of the coarse and fine waste feeds is
challenging.

It is only really economic where the two feeds can be pumped together or blended for in-pit storage.

The resulting mix would not be pumpable.

1 Less capacity to uptake water from MFT than Kc.

Stage of technology: Basic research and Applied research.

Knowledge gaps

1 Quantification of mixing proportions depending on the material properties and how to obtain adequate
mixing.

1 Evaluate methods of transportation of the resulting mix.

Relative Cost:

Low

Comments:

References: 7, 39, 102, 103, 123, 127, 131
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29. Mixing MFT with reclamation material

Description:

This technology consists of mixing MFT with peat moss to form a semi-solid mixture suitable for early
reclamation.

Pros:

9 Address legacy MFT.

1 Surface material will be ready for reclamation.

1 Reduces need for secondary reclamation material.

1 Toxics compounds in MFT may inhibit plant growth.
1 Not proven technology.

1 Limited availability of reclamation material.

1 Expensive and likely unable to produce commercial forest.

Stage of technology: Basic research, but discontinued.

Knowledge gaps

1 Quantification of mixing proportions depending on the material properties.

Relative Cost:

Low

Comments:

References: 31, 92, 93, 125, 142
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30. Mixing MFT with coke

Description:

This technology consists of mixing MFT/CT with coke from the bitumen refining process. Although some of
the coke is used as fuel in the processing plants, the remainder is stored for use as a future energy source

Pros:

1  Mix will probably improve consolidation

Cons:

 Toxics compounds (nickel, vanadium and molybdenum) in coke may bioaccumulate in plants
inhibiting their growth.
Coke, a source of energy, can be lost in a deposit or difficult to obtain if later required.

1 Benefits are unclear

Stage of technology: Basic research.

Knowledge gaps

1 Quantification of mixing proportions depending on the material properties.
1 Understanding consolidation behaviour.

1 Understanding depositional behaviour (i.e. segregation).

1

Assessment of toxicity in different plant species.

Relative Cost:

Low

Comments:

References: 8, 50
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31. Mixing thickened tailings with sand

Description:

Mixing of thickened tailings and sand to form a non-segregating mix suitable for poldering.

Pros:
I The mixture has a high solids content and it may be stacked at a significant slope.
I Address new fines.
1 May not require containment.
1 The high fines/high solids mix will have a high viscosity which will result in formation of a non-
segregating system.
1 The internal surcharge of sand will raise the effective stress on the clay and promote self-weight
consolidation.
Cons:
1 Not proven technology.
1 Improper application of this technique may result in the creation of reclaimed landforms of dubious

environmental and economic value, particularly because of the presence of sodic clays and
bituminous residues in oil sands tailings.

Stage of technology: Basic research and applied research.

Knowledge gaps

1

1

Deeper insight into the geotechnical properties of thickened tailings/sand mixes would assist full field-
scale planning tests which are extremely expensive.

Strength and consolidation behaviour of various mixtures of sand and thickened tailings are not
known.

Evaluate liquefaction potential.

Relative Cost:

High upfront ad operational costs.

Comments:

Need to determine viability of the thickening process.

References: 5, 6, 7, 24, 26, 27, 44, 65, 75, 112
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32. MFT water capped lake

Description:

Permanently storing MFT under a water cap forming a lake which ultimately become a biologically active and
self-sustaining functional ecosystem.

Pros:

i Low cost
1 Reduction of concentration of chemicals through natural microbial processes.

I Self-sustaining aquatic ecosystem.

1 Geologic containment for fluid tailings where stored below original ground.

1 Cannot be located where the body will recharge groundwater that may ultimately contact sensitive
receptors.

1 Biological activity in the fluid tailings may emit considerable gas which may result in mixing fluid
tailings with overlying water.

1 Regulators have not yet approved permanent storage of MFT under a water cap. Instead they have
advocated for a solid trafficable landscape (68).

Stage of technology

Applied research and demonstration.

Knowledge gaps
1 Uncertainties remain regarding function and success including water quality and toxicity,
sustainability and liability.
Accurate quantification of methane release from biodegradation needs to be addressed.

Understand how gas production impacts long term water quality.

Relative Cost:

Low

Comments:

This technology is currently being evaluated at Syncrude.

References: 14, 15, 39, 49, 51, 62, 68, 69, 73, 74, 88, 106, 107, 112, 118, 127
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33. Pit lake

Description:

Also known as End Pit Lake, it is an engineered water body located below grade in oil sands post-mining pits.
The pit lake will ultimately become a biologically active and self-sustaining functional ecosystem.

Pros:

f Low cost
1 Reduction of concentration of chemicals through natural microbial processes.

I Self-sustaining aquatic ecosystem.

1 Geologic containment for fluid tailings where stored below original ground.

1 Cannot be located where the body will recharge groundwater that may ultimately contact sensitive
receptors.

1 Biological activity in the fluid tailings may emit considerable gas which may result in mixing fluid
tailings with overlying water.

1 Regulators have not yet approved permanent storage of MFT under a water cap. Instead they have
advocated for a solid trafficable landscape (68).

Stage of technology: Applied research and demonstration.

Knowledge gaps
1 Uncertainties remain regarding function and success including water quality and toxicity,
sustainability and liability.
1 Accurate quantification of methane release from biodegradation needs to be addressed.

1 Understand how gas production impacts long term water quality.

Relative Cost:

Low

Comments:

They are an integral component in the management, operation, and final reclamation landscape of oil sands
development. The purpose of EPL is to provide a sustainable landscape feature and final remediation solution
for process-affected waters. Through EPL, the environmental impacts of mine operations on aquatic
ecosystems should be minimized.

A decision must be made regarding what flood event the EPL will be designed for.

References: 14, 15, 30, 39, 49, 51, 62, 68, 69, 73, 74, 88, 106, 107, 110,112, 127
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34. Store MFT in underground caverns

Description:

Inject MFT in underground caverns or deep wells where future contact with human beings is unlikely.

Pros:

1 Prevent additional surface disturbance, less surface tailings storage.

9 Tailings can be mixed on the surface with a binder to help minimize groundwater contamination.

1 High costs, particularly if binders are used.

1 Tailings need to be dewatered, increasing costs.
1 Requires extra manpower and equipment.
il

Requires suitable location and development of caverns.

Stage of technology

Basic research.

Knowledge gaps

1 Need to evaluate volumes to be stored, adequate locations and costs.

1 Needs to evaluate suitability of this technique to be applied in the oil sands industry.

Relative Cost:

Medium to high upfront cost.

Comments:

This technology has been suggested, but not seriously researched.

References: None.
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APPENDIX 3: Reclaiming Oil Sands Tailingsi Technology Ro@map

Diagram 1 - Reclaiming Oil Sands Tailings - A Technology Roadmap
by
J.C. Sobkowicz and N.R. Morgenstern 20090903
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APPENDIX 4: Pictures and Diagrams ofTailings Technologies
The following diagrams and pictures show some of the 34 tailings technologies.

1. Filtered Tailings

Vacuum Filters

Feed Pressure

I

Filter l

Filtr ate
1 2

1. Image available from :
http://www.google.ca/imgres?imgurl=http://www.komline.com/images/RDVFKaolin.jpg&imgrefurl=http://www.komline.com/docs/rot
ary_drum_vacuum_filter.html&usg=__T94c2FpNQW48HPwQz70N2Gu4ewU=&h=400&w=600&sz=39&hl=en&start=1&itbs=1&tbni
d=1zJUy019nlJR1M:&tbnh=90&tbnw=135&prev=/images%3Fq%3Dvacuum%2Bfilters%26h1%3Den%26gbv%3D2%26tbs%3Disch
1

2. Image available from:
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-
content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3F
p%3D29&usg=__p_u7lYItNUUI99OMKKXOfHzrMDY|1=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Cebdf
M:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%?2Bfiltration%26um%3D1%26h1%3Den%26rlz%3D1T4ADFA_en
CA358CA358%26ths%3Disch:1


http://www.google.ca/imgres?imgurl=http://www.komline.com/images/RDVFKaolin.jpg&imgrefurl=http://www.komline.com/docs/rotary_drum_vacuum_filter.html&usg=__T94c2FpNQW48HPwQz70N2Gu4ewU=&h=400&w=600&sz=39&hl=en&start=1&itbs=1&tbnid=1zJUy019nlJR1M:&tbnh=90&tbnw=135&prev=/images%3Fq%3Dvacuum%2Bfilters%26hl%3Den%26gbv%3D2%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.komline.com/images/RDVFKaolin.jpg&imgrefurl=http://www.komline.com/docs/rotary_drum_vacuum_filter.html&usg=__T94c2FpNQW48HPwQz70N2Gu4ewU=&h=400&w=600&sz=39&hl=en&start=1&itbs=1&tbnid=1zJUy019nlJR1M:&tbnh=90&tbnw=135&prev=/images%3Fq%3Dvacuum%2Bfilters%26hl%3Den%26gbv%3D2%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.komline.com/images/RDVFKaolin.jpg&imgrefurl=http://www.komline.com/docs/rotary_drum_vacuum_filter.html&usg=__T94c2FpNQW48HPwQz70N2Gu4ewU=&h=400&w=600&sz=39&hl=en&start=1&itbs=1&tbnid=1zJUy019nlJR1M:&tbnh=90&tbnw=135&prev=/images%3Fq%3Dvacuum%2Bfilters%26hl%3Den%26gbv%3D2%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.komline.com/images/RDVFKaolin.jpg&imgrefurl=http://www.komline.com/docs/rotary_drum_vacuum_filter.html&usg=__T94c2FpNQW48HPwQz70N2Gu4ewU=&h=400&w=600&sz=39&hl=en&start=1&itbs=1&tbnid=1zJUy019nlJR1M:&tbnh=90&tbnw=135&prev=/images%3Fq%3Dvacuum%2Bfilters%26hl%3Den%26gbv%3D2%26tbs%3Disch:1

2. Cross Flow Filtration of Whole Tailings
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PERMEATE

PERMEATE

Cross Flow Filtration test conducted at the Univerisity of Alberta. Image available from:
http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&u
sg=__ cKw-
rIDEQODZNIIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=IkP1VrrMgR9xxM:&tbnh=98&tbnw=1
30&prev=/images %3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings %26um%3D 1%26h|%3Den%26r1z%3D1T4ADFA_enCA
358CA358%26tbs%3Disch:1

Image available from:
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-
ontent/TFF/Tangentlal%2520Flow%2520F|Itrat|0n%25205ystem%2520$chematlc JPG&imgrefurl= httg [Iwww. desmech com/%3F

M:&tbnh=83&tbnw= 132&Qrev-/|mages%3Fg%SDcross%ZBﬂow%ZBflltratlon%26um%3D1%26hI%3Den%26rlz%3D1T4ADFA en
CA358CA358%26ths%3Disch:1

Image available from:
http://en.wikipedia.org/wiki/Cross_flow_filtration

Cross flow filtration. Image available from: www.environmental-expert.com
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http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&usg=__cKw-rIDEQODZNhIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=lkP1VrrMqR9xxM:&tbnh=98&tbnw=130&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&usg=__cKw-rIDEQODZNhIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=lkP1VrrMqR9xxM:&tbnh=98&tbnw=130&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&usg=__cKw-rIDEQODZNhIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=lkP1VrrMqR9xxM:&tbnh=98&tbnw=130&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&usg=__cKw-rIDEQODZNhIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=lkP1VrrMqR9xxM:&tbnh=98&tbnw=130&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.ostrf.com/files/downloads/xflow1.JPG&imgrefurl=http://www.ostrf.com/research&usg=__cKw-rIDEQODZNhIPY8RxF7r0aHg=&h=375&w=500&sz=42&hl=en&start=1&um=1&itbs=1&tbnid=lkP1VrrMqR9xxM:&tbnh=98&tbnw=130&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%2Bfor%2Btailings%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3Fp%3D29&usg=__p_u7lYItNUUl99MkKXOfHzrMDYI=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Ce6dfM:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3Fp%3D29&usg=__p_u7lYItNUUl99MkKXOfHzrMDYI=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Ce6dfM:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3Fp%3D29&usg=__p_u7lYItNUUl99MkKXOfHzrMDYI=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Ce6dfM:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3Fp%3D29&usg=__p_u7lYItNUUl99MkKXOfHzrMDYI=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Ce6dfM:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://www.google.ca/imgres?imgurl=http://www.desmech.com/wp-content/TFF/Tangential%2520Flow%2520Filtration%2520System%2520Schematic.JPG&imgrefurl=http://www.desmech.com/%3Fp%3D29&usg=__p_u7lYItNUUl99MkKXOfHzrMDYI=&h=331&w=525&sz=16&hl=en&start=3&um=1&itbs=1&tbnid=k6qcTZp3Ce6dfM:&tbnh=83&tbnw=132&prev=/images%3Fq%3Dcross%2Bflow%2Bfiltration%26um%3D1%26hl%3Den%26rlz%3D1T4ADFA_enCA358CA358%26tbs%3Disch:1
http://en.wikipedia.org/wiki/Cross_flow_filtration
http://www.environmental-expert.com/

3. Filter Thickened Tailings (Coarse Fraction Only)

1
1. Fair, A. The Past, The Present and Future of Tailings at Syncrude. International Oil Sands Tailings Conference Presentation.
December 7-10, 2008. Edmonton, Alberta.

2. Images available
from:http://www.google.ca/imgres?imgurl=http://www.tailings.info/images/pics/content/bigdrystack.jpg&imgrefurl=http://www.tailing
s.info/drystack.htm&usg=__ wZRW9DWdQO2gkG2kSUOIQiU9_8w=&h=264&wW=410&sz=26&hl=en&start=1&um=1&itbs=1&tbnid=
7_B5Mg2B_GxmLM:&tbnh=80&tbnw=125&prev=/images%3Fq%3Dfiltration%2Band%2Bdry%2Bstacking%2Bof%2Btailings%26u
m%3D1%26h1%3Den%26sa%3DN%26r1z%3D1T4ADFA_enCA358CA358%26ths%3Disch:1
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4. Filter Thickened Tailings (Fines Slurry)

Comment: In this diagram the feed would be a fines slurry (MFT) that first will be subject to a
thickening process and then the thickened underflow will be subject to a filtration process.

Image available from: http://users.vianet.ca/dano/thicknr.jpg
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