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The following Composite Tailings Capping Knowledge Synthesis is submitted by Syncrude to the AER
to fulfil the commitments made in the abovementioned plans. The learnings from Syncrude’s greater
than 20 years of research, development and operational experience have been compiled and
synthesized to provide the current state of knowledge on sand capping CT from both the tailings
treatment and tailings closure perspectives.
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1 Regulatory Overview

Syncrude Canada Ltd. (Syncrude) has prepared this submission to fulfil the commitments made in plans
recently filed with the Alberta Energy Regulator (AER) to satisfy Clause 22 of Oil Sands Conservation
Act (OSCA) Approval No. 10781L for Aurora North and Clauses 27 and 28 of Oil Sands Conservation
Act (OSCA) Approval No. 8573Q for Mildred Lake. The plans previously submitted include:

1) Aurora North Composite Tailings Engineering Analysis and Capping Research Plan,
Syncrude Canada Ltd. (OSCA Commercial Scheme Approval No. 10781M, Clauses 11 and
22) submitted on September 30, 2019; and

2) Mildred Lake Composite Tailings Deposit Assessment and Research Plan, Syncrude
Canada Ltd. (OSCA Commercial Scheme Approval No. 8573Q, Clauses 27 and 28)
submitted on February 27, 2020.

As proposed in the plan submissions (i.e. Sections 3 and 4 for the above plans), Syncrude has prepared
an integrated research and monitoring plan. The two key elements of this integrated research and
monitoring plan are:

1) Research and monitoring of the East-In-Pit (EIP) CT deposit; and
2) CT capping synthesis.
The objective of this document is to deliver on the CT Capping Synthesis.

2 Background
2.1 Composite Tailings

Bitumen extraction results in the production of fluid fine tailings (FFT). The geotechnical characteristics
of FFT require long term storage in geotechnically secure tailings facilities. Composite tailings (CT) are
produced by mixing a coarse tailings stream with a FFT stream and adding a coagulant to form a slurry
that releases water when deposited and binds the FFT in a coarse tailings/FFT mixture. This allows for
the fines to be stored in the soil matrix, which reduces the inventory of fluid-fine tails and enables a
wider range of landforms for reclamation and closure (Matthews et al 2002). Research and
Development of the CT process was started in the early 1990’s and the CT process was piloted at
Syncrude in 1997. Commercial CT production began in 2000.

Significant knowledge has been gained through the greater than 20 years of research, development
and operational experience with capping of various deposits at Mildred Lake. Most notably, from the
research and development programs at the CT Prototype and on the EIP Sandhill Fen Watershed
(SFW). These learnings have been applied to operational scale capping and reclamation activities on
CT deposits at SWIP Junior and EIP (Kingfisher Valley and southern EIP areas) (Figure 2-1).

Syncrude Canada Ltd. Composite Tailings Capping Synthesis 3
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Figure 2-1 Mildred Lake CT Capped Deposits

The learnings from these programs and the experience gained from the operational activities have been
compiled and synthesized to provide the current state of knowledge on CT capping.
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2.2 Capping of CT

Capping of soft sediments is a common activity worldwide, most notably in the dredging and mining
industries. Atits most basic level, a capping strategy includes decisions regarding: placement (hydraulic
beaching, hydraulic cell construction, mechanical placement, or various combinations), capping
materials (water, coke, uncapped, tailings sand, glacial materials, mine waste [lean oil sands, Kc and
Kcw], and various mixtures), reclamation soil cover, and land use considerations (lake, upland forest,
or wetlands).

2.2.1 Tailings Process and Deposit Considerations

A capping strategy is linked to the selected tailings technology. In order to support or facilitate effective
capping, underlying tailings should be strong enough to support a cap, and should be dense enough
that post-reclamation settlement meets its design basis. The density and strength of tailings are strongly
correlated. The capping strategy employed will be a major determinant of the maximum elevation of
the tailings, and is an iterative part of the process. These process considerations are critical to the
success of any tailings management plan and landform design but are not within the scope of this
synthesis.

2.2.2 CT Sand Capping

Syncrude has developed sand capping over CT as one of the methods to construct landforms for
reclamation and closure. This process primarily involves hydraulic sand-capping using beaching to
create a trafficability layer, then using cell construction of tailings sand to create a hummock topography.
Some landform grading (mechanical) is required to achieve the designed topography. The final
component of the cap is the reclamation soil cover which is typically comprised of one or two layers of
soil (Pleistocene and Holocene materials salvaged from the mine advance).

This cap serves a number of objectives that can be considered in three interconnected categories:
physical, chemical and ecological outcomes. Physical objectives are related to the design objectives
of CT consolidation, release water flux management and the creation of a trafficable surface to support
activities related to the chemical and ecological outcomes. To achieve chemical outcomes, the
substrate cap, or soil cover design ensures that the resultant soil and water chemistry, and rates of its
change and movement are appropriate to allow wetland and terrestrial plants to grow. Connected to
the physics and chemistry objectives are the capping design components that support ecological
outcomes, in essence, to provide enough water of appropriate quantity and quality to support both
wetland and forest plants and animals to achieve equivalent land capability. The ecological outcome
results from the physical and chemical state created through the capping design.

3 CT Capping Synthesis

This submission is structured into the three categories (physical, chemical and ecological components)
of the CT cap. Appendix A is focused on the physical components of the CT cap. It is a summary of
the operational experience with the construction of the sand cap to create a trafficable surface.
Appendix B focuses on the chemical aspects of CT deposits. It provides a summary of the cap design

Syncrude Canada Ltd. Composite Tailings Capping Synthesis 5
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to produce a topography that provides water of appropriate quantity and quality to support a range of
ecological outcomes. Appendix C addresses ecological considerations; it summarizes the research
and monitoring program on SFW that validates the achievability of positive ecological outcomes on a
CT deposit.

This synthesis presents the complete state of knowledge of CT capping that addresses capping from
both a tailing treatment perspective as well as a closure perspective.

3.1  Summary of Learnings

The following is a brief summary of important key information from the physical, chemical and ecological
components of Syncrude’s historical work on capping and reclamation of CT deposits. This body of
work demonstrates technical and operational understanding and confidence and serves to assert that
CT is a commercially established tailings technology. It supports the approach that ongoing deposit
performance monitoring is more appropriate going forward given the commercially proven status of the
technology rather than a formal research and development plan. Monitoring performance in support
of an Adaptive Management Approach is a necessary and important element of ongoing CT capping
and reclamation. For specific technical details for each component, refer to the appropriate Appendix.

3.1.1 Physical: Syncrude’s Experience with Capping and Trafficking Composite
Tailings

Syncrude has systematically brought CT production and capping through the research, development,
and commercialization phases for 20 years and is now in the commercial and continuous improvement
phase. Processes and requirements for successful CT capping are mature and well-understood.
Syncrude has implemented all stages of the CT technology at commercial scale (i.e. designing,
planning, constructing, testing, and reclaiming CT) and to date has capped over 1100 ha (11 square
kilometres) of CT successfully. The capped deposits are trafficable for reclamation material placement
and proposed land uses. In 2020, about 50% of the sand-capped CT at Syncrude is fully reclaimed
(which involves construction of hummock-and-swale topography, placement of reclamation material,
and revegetation). Post-reclamation settlements are modest, occur within a few years, and can be
managed through landform design.

3.1.2 Chemical: Hummock Technology Learnings to Support Water
Management on Reclaimed Landforms

Hummock technology describes how Syncrude incorporates topographic relief on capped and
reclaimed CT deposits. Over the last two decades, Syncrude has developed and advanced hummock
technology through numerous applied research programs. Syncrude now has a thorough understanding
of how to design and construct hummocks to meet targeted hydrologic functions on capped and
reclaimed CT deposits. Where uncertainties remain, Syncrude is committed to the continuous
improvement of hummock technology through its adaptive management framework.

Hummocks are essential components of the closure topography on CT deposits because they provide
important hydrological, operational, and ecological functions. Results from research and monitoring
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indicate that in terms of hydrologic function, hummocks are capable of achieving targeted water
quantity, water quality, and landform drainage functions. Syncrude monitors and evaluates hummock
performance relative to these hydrologic functions (see Section 4).

Hummocks have proven effective at providing separation between the water table and rooting zone.
Hummocks prevent saturation and salinization of the rooting zone for upland vegetation when water
table depths are maintained approximately 2 m below the land surface. The necessary separation
between the water table and rooting zone is dependent on the specific material properties, soil cover,
and vegetation on a hummock. Convex hummock shapes/slopes, with abrupt hummock-lowland
interfaces, limit the areal extent of shallow water tables across hummocks compared to concave
hummock shapes/slopes.

Constructed hummocks can be used to control the partitioning of precipitation to different water balance
components. Given that overland flow is generally rare in the region, precipitation is primarily partitioned
between recharge and evapotranspiration. The amount of water partitioned to these two water balance
components represents a trade-off between vegetation productivity and water for downstream
environments. Inter-annual climate cycles, soil cover characteristics (and corresponding vegetation
assemblages), and hummock heights determine the magnitude of water partitioned to recharge versus
plant water uptake.

Constructed hummocks can be used to passively manage and flush process-affected water. In typically
horizontally-dominated groundwater flow systems, this can happen through freshwater percolating into
the groundwater system forming freshwater lenses that displace saline-sodic water. In systems where
the vertical component of groundwater is more pronounced, hummocks focus groundwater and solute
discharge by facilitating the formation of local-scale groundwater flow systems. The discharge of deeper
groundwater associated with the saline-sodic water entrained in the CT deposit appears to be a minor
flux of water to the near-surface over the timescales considered.

Water table configurations beneath hummocks, and associated patterns of flow, are controlled by the
ratio of recharge to hydraulic conductivity, hummock lengths, the thickness of the sand cap, and
hummock heights. In relative terms, the water table more closely follows the closure topography when
there is higher recharge, lower hydraulic conductivity, greater hummock lengths, shorter hummocks,
and lower sand cap thickness.

Deposit-scale factors may override the influence of hummock morphological and hydrogeological
properties, thereby controlling water table configurations and the pattern of groundwater flow/landform
drainage. The propensity for hummock-scale factors to predominate over deposit-scale factors is largely
dependent on the relative size and configuration of a hummock compared to the influential deposit-
scale characteristics.

3.1.3 Ecological

SFW was designed, constructed, reclaimed, and revegetated as an instrumented watershed between
late 2007 and 2012, and has had an active research and monitoring program since then. The goals of
the project were to design and establish the initial conditions necessary to allow for development of a
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fen wetland and its watershed over time, and to develop techniques for reclamation of CT deposits. A
fen is a peat-accumulating wetland with a water table at or near the ground surface, and consisting of
mineral-rich water primarily from groundwater.

Although the SFW is a newly reclaimed system, there is much that Syncrude has learned through the
entire process, from concept, to design, to construction, to reclamation to research and monitoring.

Results from the research and monitoring indicate that successful ecological outcomes were achieved.
The SFW project has demonstrated success with respect to establishing a range of natural fen
vegetation in the wetland area.

An assessment of the ecological performance of the plants and invertebrates indicates that thresholds
of salinity are much higher than previously thought, and the OSPW influenced chemistry is similar to
natural wetlands in the region. There is evidence that hummock topography has created local-scale
groundwater systems as expected, and although there are many drivers in the water balance, the
watershed appears to be hydrologically sustainable. Structural and functional aspects of fen wetlands
are achievable, even in short timeframes and on CT landforms. However, the wetland cannot be
classified as a “fen” using conventional wetland classification. Achieving peatland targets as described
in the Alberta W etland Classification System, are not possible within the timeframes of closure (i.e. due
to the requirement for 40cm of accumulated peat). Knowledge and understanding gained through the
SFW will continue to inform the design, construction and reclamation of other CT deposits, including
EIP. Continued performance monitoring of SFW will support understanding and prediction of other in-
pit CT deposit reclamation. The work done on SFW is a key component of the adaptive management
of EIP and other CT deposits.

4 Next Steps

At this time, Syncrude asserts that the adaptive management approach outlined in the “Aurora North
Composite Tailings Engineering Analysis and Capping Research Plan” and the “Mildred Lake
Composite Tailings Deposit Assessment and Research Plan” is the appropriate course of action going
forward. This approach is also being successfully employed in the Base Mine Lake Monitoring and
Research Program. Syncrude’s current plan with respect to sand capped CT deposits is focused on
performance monitoring of the EIP CT deposit. The SFW and the Kingfisher Valley make up the northern
portion of EIP. The southern half of Syncrude’s EIP is in the advanced stages of final sand placement,
land forming and reclamation.

Learnings from this submission have been incorporated into the design of the EIP commercial scale
sand capped CT deposit and the progressive reclamation that has taken place presents an opportunity
for the first full scale integrated landscape performance evaluation of a commercial sand capped CT
deposit in the mineable oil sands. Learnings from EIP will continue to inform the design and construction
of future CT deposits planned at Syncrude.

Syncrude Canada Ltd. Composite Tailings Capping Synthesis 8
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McKenna Geotechnical were retained by Syncrude to carry out the studies presented in this
publication and the material in this report reflects the judgment of McKenna Geotechnical in
light of the information available at the time of document preparation. Permission for non-
commercial use, publication or presentation of excerpts or figures is granted, provided
appropriate attribution is cited. Commercial reproduction, in whole or in part, is not permitted
without prior written consent from Syncrude. An original copy is on file with Syncrude and is
the primary reference with precedence over any other reproduced copies of the document.

Reliance upon third party use of these materials is at the sole risk of the end user. Syncrude
accepts no responsibility for damages, if any, suffered by any third party as a result of
decisions made or actions based on this document. The use of these materials by a third
party is done without any affiliation with or endorsement by Syncrude.

Additional information on the report may be obtained by contacting Syncrude.
The report may be cited as:
McKenna Geotechnical. 2020. Syncrude’s Experience with Capping and Trafficking

Composite Tailings. Prepared by McKenna Geotechnical for Syncrude Canada Ltd.
2020.
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About this document

This document was created by McKenna Geotechnical to describe Syncrude’s experience
capping and tracking composite tailings. This report contends that composite tailings (CT) capping
is a routine and successful activity at the company, and part of routine planning and operations
at Syncrude’s Mildred Lake and Aurora North operations in Alberta’s oil sands. The report will be
combined with two others into a single document for submission to the Alberta Energy Regulator
(AER) in August 2020. One of the other reports will cover closure topography (specifically
hummock-and-swale technology) and learnings to support upland vegetation and water quantity/
quality design objectives, while the other one will address the Sandhill Fen Watershed (learnings
of a reclaimed wetland on a CT deposit). This report was written for a technical audience familiar
with oil sands tailings and reclamation activities.

Authors

Syncrude contracted McKenna Geotechnical Inc to write and produce this document in close
collaboration with Mr Dallas Heisler, PEng, a hydrogeological research engineer with Syncrude.
The editorial team included:

e Gord McKenna, PhD PEng PGeol, McKenna Geotechnical Inc
e June Pollard, MSc PGeol, Engineering Geologist, 2222179 Alberta Ltd
e David Wylynko and James Hrynyshyn, Editorial and Design, West Hawk Associates

e Derrill Shuttleworth, Illustrator.

About McKenna Geotechnical Inc

McKenna Geotechnical is a Canadian engineering and consulting firm specializing in mining
geotechnique, landform design, and mine reclamation. The firm develops mine closure plans,
landform and watershed designs, and technical guidance documents. We provide expert
consulting engineering and geotechnical review services for mines in Canada and abroad. We
also offer courses for practitioners and students on landform designs and closure planning.

MCKENNA GEOTECHNICAL INC
5223 Laurel Drive.

Delta, BC, V4K 4S4 Canada
Phone: +1-604-838-6773
mckennageotechnical.com
info@mckennageotechnical.com

© 2020 McKenna Geotechnical Inc
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Executive Summary

In 2019, Alberta’s provincial regulator asked Syncrude to submit a research and development
plan regarding composite tailings (CT) capping and reclamation. This report contends that
Syncrude already completed such a program over the past 20 years and is now in the monitoring
and ongoing improvement phase.

The focus of this particular report is the research, development, and commercialization of CT
capping to form a trafficable cap for construction of the closure topography layer, reclamation
material placement by mining equipment, and future land uses.

Syncrude has compiled 19 case histories of CT capping, ranging from a pilot (NST Field
Demonstration), to a prototype (CT Prototype), to a commercial scale project (East In-Pit,
Southwest In-Pit, and the floating coke cap at Suncor Pond 5). Deposition of CT began at
Syncrude Aurora East Pit South (AEPS), for which hydraulic sand capping is planned.

In affirming the contention, this report makes the following conclusions:

e Syncrude has systematically brought CT production and capping through the
research, development, and commercialization phases for the past 20 years and is
now in the commercial and continuous-improvement phase. The company has a
mature understanding of the processes and operational requirements for successful
CT capping.

e Syncrude is routinely designing, planning, constructing, testing, and reclaiming CT at
a commercial scale and to date has successfully capped more than 1100 ha (11
square kilometres) of CT.

e The capped deposits are trafficable for reclamation material placement and proposed
land uses. Approximately half of the sand-capped CT has been fully reclaimed (which
involved construction of the closure topography layer, placement of reclamation
material, and revegetation).

e Post-reclamation settlements tend to be modest, occur within a few years, and can be
managed through landform design.

e A formal research and development plan for CT capping is not required. However,
close monitoring and ongoing continuous improvement are recommended and are a
necessary and important element of ongoing CT capping and reclamation.

Page 4
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1.0 INTRODUCTION

To manage growing inventories of fluid tailings, Syncrude Canada is using composite tailings (CT)
technology to sequester oil sands fine tailings in tailings-sand pore spaces. The process entails
mixing cycloned tailings sand slurry with fluid tailings and a flocculant, which allows production of
a dense but soft and non-segregating deposit that can consolidate within a decade with
manageable (< 2 to 4 m) post-reclamation settlement. CT can be capped and reclaimed with a
growth medium to safely support productive boreal forest ecosystems. Figure 1-1 locates
Syncrude and Suncor CT deposits.

Beginning in the early 1980s, Syncrude spent many years conducting laboratory research and
field trials on various tailings technologies. This R&D work culminated in the 1997/98 CT
Prototype, which is a large (1100 m long x 500 m wide x 10 m deep) deposit that was sand
capped in 1998, with some portions reclaimed in 1999 and 2000. This natural laboratory was used
to develop and refine capping and reclamation methods. Commercial-scale CT deposition began
at Syncrude’s Mildred Lake operation in 2000 and at Aurora North in 2014. Since 2005, successful
commercial-scale capping of the new CT deposits has been nearly continuous and has become
a routine practice at Syncrude.

The Alberta Energy Regulator has instructed Syncrude to provide details of a CT capping
research program’. In response, Syncrude contends that CT capping is already a commercial
technology and part of routine planning and operations at Syncrude’s Mildred Lake and Aurora
North operations. To support the assertion that capping CT (and indeed building CT watersheds)
is a common commercial activity, Syncrude is crafting three reports:

e Experience with capping and trafficking CT (this report)

e Hummock?: Technology Learnings to Support Water Management on Reclaimed
Landforms

e Sandhill Fen Watershed: Learnings from a Reclaimed Wetland on a CT deposit

Syncrude will combine these documents into a single report, which will be submitted to the
regulator in August 2020. While the primary audience for the report is the regulator, it will also be
used to document Syncrude experience as a resource for staff.

This report’s central assertion is that capping CT is a routine, successful, commercial-scale
activity at Syncrude. The findings are based on Syncrude’s 25 years of experience as evidenced
by:

' This request came as part of the regulator’s response to the Syncrude Aurora North Tailings Management Plan under
the Oil Sands Conservation Act (OSCA) Approval no.10781L [Clause 22]: “Submit a capping research plan for
composite tailings (CT) deposits at Aurora North.”

2 Hummocks are sometimes referred to as ridges (and hummock-and-swale topography as ridge-and-swale
topography). The meanings are identical. More generally, this is the closure topography layer.
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e the company designs and produces CT deposits suitable for capping hydraulically or
mechanically.

e CT deposits are routinely capped, typically with hydraulically beached tailings sand.
To date more than 1100 ha (11 square km)? of CT has been successfully capped, of
which approximately 50% has been fully reclaimed (construction of closure
topography layer, placement of reclamation material, and revegetation).

e capped deposits are trafficable for reclamation material placement and proposed land
uses.

e post-reclamation settlement to date has been modest, occurs within a few years, and
can be managed through landform design.

This document provides a theoretical basis for CT capping for trafficability, and describes 19
supporting case histories that demonstrate Syncrude’s experience producing, depositing,
capping, and reclaiming deposits. Figures 1-2 through 1-7 show CT deposits and sand-capping
operations at Syncrude and Suncor, which in this report are grouped geographically as follows:

e NST Field Demonstration

e CT Prototype

e East In-Pit (EIP)

e Southwest In-Pit (SWIP)

e Aurora East Pit South (AEPS)

Chapter 1 and Chapter 2 of this report provide an introduction, background, and definitions.
Chapter 3 describes the technologies employed, and Chapter 4 consists of case histories (which
are also summarized in Appendix A). Chapter 5 assesses technologies according to their
readiness level and Chapter 6 provides formal conclusions and closing remarks.

3 Hectares are the common measure of land area for Canadian land reclamation. One hectare (ha) is 10,000 square
metres. One hundred hectares is a square kilometre. It is perhaps easiest to visualize a hectare as square 100 m x 100
m. One hectare is 2.47 acres, an area of 1.23 CFL football fields. Syncrude’s EIP is a large tailings facility with an area
of about 1050 ha (10.5 km?).
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Figure 1-1. Sand-capped CT locations at Syncrude and Suncor.
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1.1 Scope of work

Table 1-1 is an overview of the scope for this report.

Table 1-1. Scope of work

Task Description

Task 1. Compile and read approximately 120 papers, reports, and

Compile data and available presentations related to CT capping at Syncrude. Adapt and

literature update case histories of CT capping from the 2017 capping
workshop hosted by COSIA.

Task 2. Build on the framework established by the R&D and

Establish the framework prototype-scale capping at the CT prototype to develop and
describe the key technologies used to cap CT.

Task 3. Interview key technical staff to fill in gaps and update the CT

Conduct interviews capping case histories.

Task 4. Compile case histories for capping performance at Syncrude’s

Compile the case histories Mildred Lake Operation and Suncor Pond 5.

Task 5. Integrate research, writing, editing and illustrations to provide

Write, edit, illustrate, and a draft and final report.

prepare report.

1.2 A concise history of CT and CT capping at Syncrude

This section provides a brief overview of the research, development, and commercialization of
CT at Syncrude. Further details are provided in Chapter 3 and Chapter 4.

Research

CT is Syncrude’s term for non-segregating tailings*. CT was developed in the laboratory by Dave
Caughill, along with University of Alberta professors Norbert Morgenstern and Don Scott (Caughill
et al. 1993). Their research was an extension of various coagulated-tailings research and
development by Syncrude, the UofA, and others. Over recent decades, the oil sands industry has
invested billions of dollars in research and development and commercialization of various tailings
technologies (CTMC 2012). In the 1980s and 1990s, the focus was development of methods to
sequester fines such as silt and clay particles less than 44 microns (COSIA 2012). A major focus
was the capture of coagulated fines within a sand matrix. CT was the most successful of these
efforts (see Pollock et al. 2000; CTMC 2012).

Composite tailings are oil sands tailings that are treated with a coagulant to form a non-
segregating deposit. They may be comprised of whole extraction tailings (which average 20%

4 Suncor uses the term consolidated tailings (CT). Other oil sands operators use the term non-segregating tailings
(NST). Internationally, mixtures of tailings are sometimes called “codisposal’ — a term with a different meaning at
Syncrude.
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fines) or may be created by cycloning the whole tailings (WT) slurry (to remove excess water) and
adding fluid fine tailings (FFT), which allows for greater control of density and fines content.
Gypsum is the most commonly used coagulant, with a typical dose of 1600 g/m? of tailings slurry.

The resulting CT slurry, typically composed of 65% solids and 20% fines, is discharged subaerially
on a beach and deposited either subaerially, subaqueously, or sub-MFT, forming beaches 500 to
2000 m long. CT density reaches approximately 70% solids within minutes or hours after
deposition, and fully consolidates to a loose sand deposit within a few months or years, nominally
at 82% solids (2000 kg/m? saturated density; 1630 kg/m? dry density). The consolidation release
water is recycled back to the extraction plant for re-use.

When discharged and deposited in low-energy environments, this mix of slurry exhibits little
segregation, provided it has a sufficient density, high enough fines content, and a high enough
coagulant dose. Where these conditions are not met, the slurry partially segregates, creating a
low-fines (trafficable-sand) beach near the discharge and a high-fines fluid tailings zone at the
distal end of the deposit. Often, tailings sand slurry is co-deposited with CT slurry (the streams
intermingle during deposition) and forms an interfingered or layered deposit of tailings sand and
CT.

Development

Syncrude’s first CT trial (the 1995 NST Field Demonstration) was conducted in a U-shaped cell
600 m long and 30 m wide (see Figure 1-2 and Appendix B-1). In 2008, the CT was capped using
mechanical placement to create 28 small test wetlands (fens) in anticipation of the Sandhill Fen
Watershed.

The positive results of this large field pilot paved the way for the CT Prototype at the north end of
MLSB (see Figure 1-3 and Appendix B-2) constructed in 1997 and 1998. About 40 ha of the 55-
ha deposit, which was 1100 m long, 500 m wide and 10 m deep, was successfully sand-capped
(mechanically and hydraulically) and a third of the capped area was reclaimed to boreal forest. In
2014, Syncrude successfully encapsulated the CT Prototype using 400-tonne trucks with 40 m of
overburden as part of the W4 Dump construction. The CT Prototype was monitored for many
years with respect to consolidation, water-table development, and reclamation.

In the late 1990s, Syncrude worked closely with Dr Richard Dawson, PEng, PGeol of Norwest
Mine Services (now Stantec) to develop methods of capping and reclaiming CT, with most of the
effort focused on the CT Prototype. Methods of capping, trafficability testing, and winter
reclamation placement were advanced and commercialized at this deposit and have been
successfully applied to many soft tailings deposits.
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Commercialization

The positive results from the CT Prototype allowed Syncrude to move to commercial deposition
and capping of CT at its Mildred Lake Operation, including the East In-Pit (EIP; Figure 1-4 and
Appendix B-3) starting in 2000. CT deposition started at Southwest In-Pit in 2008 (Figure 1-5 and
Appendix B-4). Each of these CT deposits has been hydraulically and mechanically sand-capped
in whole or in part and reclamation material placement is continuing at EIP.

Starting in 2008, the northwest corner of EIP was developed into the Sandhill Fen Watershed, a
50 ha instrumented watershed for reclamation research. Building on that experience, most of the
1054-ha EIP has been hydraulically sand-capped and roughly half has been reclaimed to upland
boreal forest and wetland. Reclamation efforts are expected to be completed in the next few years.

In 1998, CT was selected as the best tailings technology for Syncrude Aurora North. Active in-pit
deposition began in the Aurora East Pit South (AEPS) area in 2014 (Figure 1-6; Appendix B-5).

In parallel, Suncor deposited CT in its Ponds 5 and 6 between 1995 and 2008 (Abusaid et al.
2011). Considerable segregation occurred, causing the formation of sandy beaches with large
sandy fluid fine tailings ponds. The beaches are trafficable but the sandy FFT required a novel
approach, in which a commercial-scale floating coke cover was constructed at Suncor Pond 5
(Figure 1-7 and Appendix B-3). This approach demonstrates that off-spec CT deposits can be
capped mechanically, albeit at great effort, even if they are fluid.

Additional key references from the commercialization period include:

e BGC 2010a and 2010b — Review of tailings technologies and review of reclamation
options for oil sands tailings substrates

e CTMC 2012 — Oil Sands Tailings Technology Deployment Roadmap.

e CEMA 2014 — Guidelines for Wetland Establishment on Reclaimed Oil Sands Leases
(3rd Edition).

e Jakubick and McKenna 2001 — Stabilization of soft tailings practice and experience.

e McKenna et al. 2016 — Shear strength and density of oil sands fine tailings for
reclamation to a boreal forest landscape.

Continuous improvement

Syncrude continues to produce CT at its Mildred Lake and Aurora North operations and capping
continues at Mildred Lake. Such work is in an informal commercial continuous-improvement
phase. While it is a routine activity, room for improvement in CT production and capping remains,
mostly in terms of efficiency. In 2017, COSIA organized an internal workshop with representatives
from each oil sands company and international experts in soft tailings and soft ground capping.
The case histories in Chapter 4 and Table A-1 build on results from that workshop.
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Figure 1-2. Syncrude 1995 NST Field Demonstration during deposition (NST U-shaped cell and
reclamation cell).

Figure 1-3. Syncrude CT Prototype shortly after sand-capping.
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Figure 1-4. Syncrude East In-Pit (EIP) CT deposit during deposition.
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Figure 1-5. Syncrude Southwest In-Pit (SWIP) (from Google Earth 2019).
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Figure 1-6. Syncrude Aurora East Pit South (AEPS) (from Google Earth, downloaded 2020-04-26).

Figure 1-7. Suncor Pond 5 CT during initial floating coke cap construction.
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2.0 CT AND CT CAPPING EXPLAINED

2.1 Tailings definitions

Extraction tailings is a pipelined slurry resulting from the extraction of a bitumen from oil sands,
comprised of water (typically 50% by mass), sands (40%) and fines (10%), with some residual
bitumen. If deposited as conventional tailings, the unamended tailings are overboarded behind
a dyke to form a sand beach, with a fines-rich water runoff. Initially this fines slurry is referred to
as thin fine tailings (TFT), but when it has dewatered to about 30% solids over a period of three
years after deposition, it is referred to as mature fine tailings (MFT) and behaves as a viscous
fluid with the consistency of chocolate milk. Fluid fine tailings (FFT) is liquid suspension of oil
sands fines in water with a solids content greater than 2% but less than the solids content
corresponding to the liquid limit.

Figure 2-1. Extraction tailings slurry being discharged from a 24-inch-diameter pipeline for
deposition onto a tailings sand beach.

Composite tailings (CT) is a non-segregating mixture of chemically amended fine and coarse
tailings which consolidates relatively quickly into solid landforms. CT is produced to consume
legacy fines (MFT) and new fines and create a land surface reclaimable to predominantly upland
vegetation. To this end, CT typically has a sand-to-fines ratio (SFR) between 5:1 (to permit
useful levels of fines capture) to 3:1 (to allow rapid consolidation). A 4:1 SFR (20% fines) is the
most common recipe. CT starts as a slurry and quickly consolidates to a semi-solid, loose,
saturated, silty sand deposit. As noted above, non-segregating tailings (NST) and
consolidated tailings are terms used by other oil sands operators to describe CT.

Page 15



Syncrude’s Experience with Capping and Trafficking Composite Tailings August 28, 2020

Figure 2-2. The initial few centimetre thick layer of freshly deposited CT in a test cell, about
70% solids content (NST Field Demonstration 1995).

The CT amendment is typically gypsum, but other amendments such as lime, CO,, alum, and
polymers are also used; each has its own operational and environmental issues. The purpose of
the amendment is to coagulate and strengthen the fines matrix enough to support the sand grains
during discharge and deposition, in order to retain the fines in the void spaces within the sand
grains and keep the fines from being flushed out (segregated) of the CT by the consolidation
release water.

For largely historical reasons, oil sands tailings have a unique nomenclature related to grain size.
In many cases just two types are recognized: sand and fines. Fines are grains with diameters
less than 44 microns (specifically those passing a #200 wet sieve). The rest of the material (i.e.,
anything > 44 microns) is defined as sand. Accordingly, the SFR is the mass of dry sand (> 44
microns) to the mass of dry fines (< 44 microns). The fines content is the dry weight of fines to
the dry weight of solids. Fines content is 1/(1+SFR). A fines content of 20% is a 4:1 SFR. Many
oil sands ore bodies average 20% fines. The clay content is the dry mass of clay particles (< 2
microns as determined by a hydrometer) to the total dry mass of solids. The clay content of MFT
is typically 30% to 50%. Clay is defined by grain size in this case, rather than by mineralogy; many
clay mineral particles (mainly kaolinite) are > 2 microns in diameter. It is clay content, rather than
the fines content, that governs geotechnical behaviour, although at Syncrude the 44-micron fines
content is a useful metric for predicting the slurry behaviour of CT and MFT.
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The solids content is the dry weight of solids to the total mass of slurry; when the tailings are
saturated, it is analogous to bulk density. The solids content of CT slurry in the pipeline is typically
60% to 70%>. Fully consolidated CT typically has a solids content of 80% to 82%. The water
content is the mass of water as a proportion of the total mass of slurry. The bitumen content is
the mass of bitumen as a proportion of the total mass of slurry. CT is typically <1% bitumen. The
solids, water, and bitumen contents sum to 100%. The geotechnical moisture content is often
confused with the water content but is defined differently; it is the mass of water to the mass of
solids. Such a formulation means that geotechnical moisture content is proportional to the mass
of water in a sample, which is a good indicator of geotechnical performance.

Discharge is the condition at the end of the CT pipe — it may be tremmied to become sub-CT
discharge, or overboarded (over even spigotted) to be discharged subaerially. Subaqueous
discharge can lead to increased segregation. Deposition is what happens to the slurry after it
leaves the discharge area. It settles to form a beach that may be subaerial (in the air; visible from
the air), sub-aqueous (flowing and depositing underwater), or sub-MFT.

Segregation is the process of separation of fines from the sand — it typically refers to the
deposition of sand-rich tailings on the beach, where the fines are carried with the release water
down to the pond. Conventional oil sands tailings are dominated by this depositional mechanism.
Zonation refers to the tendency of CT deposits to exhibit a higher SFR near the discharge end
of the deposit and a lower SFR near the distal end of the deposit as a result of partial segregation
or variation in discharge fines or solids contents. Zonation typically has only minor impacts on
performance. Fines capture is the ratio of the dry tonnes in the CT deposit to the dry tonnes of
fines in the CT slurry, and the fines not captured create a thin fine tailings (TFT) that eventually
densifies to mature fine tailings (MFT). CT sand efficiency is the ratio of the amount (dry mass)
of tailings sand in a CT in a deposit to the total tailings sand in the deposit (including dyke,
underdrain, segregated sand, sandy MFT, and the sand cap). Other efficiency definitions are also
employed.

Consolidation is the loss of excess pore-water pressures through the transient flow of water out
of the deposit. The expelled water is referred to as CT release water, which either rejoins the
operational recycle water system or is eventually released to the natural environment. One of
the results of consolidation is post-reclamation settlement of the deposit. Because the deposit
is saturated, each millimetre of release water results in a millimetre of settlement of the reclaimed
landscape. Deposit strengths increase until full consolidation is reached. Even at full consolidation
and unless desaturated, CT remains untrafficable.

Capping is the placement of a trafficability layer on the CT, then placement of hummock-and-
swale topography (also known as the closure topography layer) on the trafficability layer.
Reclamation involves placement of a reclamation material growth layer (typically a peat-mineral

5 These values are based on testing of deposits at the CT Prototype and East In-Pit (EIP).
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mix) on the cap, and revegetation by planting of native trees and shrubs in the uplands and
allowing aquatic vegetation to invade the swale wetlands.

2.2 Components and function of the CT cap

The CT cap involves additional nomenclature at Syncrude. As shown in Figure 2-3, a soft tailings
cap can comprise several components: a stabilized tailings layer (often dried/crusted or
cemented), a geogrid and/or geofabric layer® on top of the soft tailings, a trafficability cap of
constant thickness, and often hummock-and-swale topography (or doming), all capped with a
growth medium. Wetland and upland vegetation are typically seeded or planted.

Figure 2-3. Components of a soft tailings cap/cover.

A trafficability cap is designed for the CT. This typically involves a pervious layer at least 2 m
thick that allows for access by people and small equipment for construction of hummocks and
placement of reclamation material. Trafficability caps are commonly 3 to 5 m thick.

Mechanical placement refers to capping by placement of sand or by motorized equipment, in
some cases small equipment (for example 5-tonne trucks and D3-sized dozers) or more

6 Syncrude has not needed to employ soft tailings stabilization (beyond consolidation) or a geogrid / geofabric layer for
its CT capping. These have been used in pilots and were employed at Suncor Pond 5 coke capping (see Section 4.6).
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traditional mine-reclamation equipment (40-tonne trucks and D6 dozers). Hydraulic placement
involves capping by discharging and depositing a slurry, typically through beaching from the
perimeter of the CT deposit or raining-in from a barge floating on a water cap over the deposit.
Syncrude uses both mechanical and hydraulic placement for CT capping. For mechanical
placement, a non-woven filter cloth can be rolled out onto the tailings (sometimes in winter) to
avoid allowing the tailings to boil up into the trafficability cap. In some cases, the filter cloth
provides foot trafficability. Geogrid is a plastic reinforcing layer similar to plastic snow fencing,
but much stronger. It is sometimes used to strengthen the interface, reduce the thickness of the
trafficability cap for bearing capacity, minimize the risks of equipment becoming mired or punching
into the soft tailings, and improve edge stability for fill placement. In some cases, strong geotextile
panels are used instead of geogrid (as was done at Suncor Pond 5 coke capping (Abusaid et al.
2011)). As noted above, Syncrude has not needed these geomaterials for its commercial
mechanical placement operations.

Hummock-and-swale topography and doming the deposit provide topographic relief needed to:

o Direct surface water away from the crest and toward the central swale, and prevent
water from ponding in the geotechnical critical zone

e Favour runoff in the water balance

e Separate the root zone and the water table to promote upland vegetation and limit
salinization of the reclamation material

e Provide topographic diversity for robustness, resilience, and ecological patch size
e Provide trafficability for larger mine equipment to deliver reclamation material
e Provide additional storage volumes for mine wastes

e Manage water quality downstream by enhancing the fresh-water component of the
tailings plateau with hummock-and-swale topography.

As noted above, reclamation cap (coversoil and subsoil, typically a total of 0.1 to 0.5 m thick) is
placed on the cap and revegetated. Release water, seepage water, and runoff are managed and
directed toward the outlet for passive or active water treatment downstream. The resulting
landform has considerable topographic diversity, where the upland areas are connected by a
network of swales with creeks and wetlands.
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3.0 TECHNOLOGIES FOR CT CAP DESIGN AND CONSTRUCTION

This chapter describes the framework that Syncrude employs to place a trafficability cap on CT.
It involves various technologies that Syncrude has developed over the past 20 years with many
hard-won learnings. Essentially this work is the result of the 20 years of research and development
which has been commercialized. Chapter 4 (case histories) describes how Syncrude uses these
technologies to plan, design, and cap CT. Chapter 5 assesses the technology readiness level
(TRL) for each technology.

For capping CT, Syncrude combines an analytical and empirical framework, as typically done in
dredging and other industries. The framework was largely developed in the late 1990s, and builds
on work by the US Army Corps of Engineers for capping of dredge spoils and other soft ground
environments.

3.1 Landform design for a CT deposit

The design of a CT landform is adapted from the life-of-mine closure landscape design and
includes the outlet location and invert elevation, and sets the CT production, discharge, and
deposition specifications, methods, volumes, and schedules. The landform design is based on a
site investigation of the deposited tailings (a compilation of historical deposition data augmented
by sampling and cone penetration testing from an amphibious rig). The trafficability cap is an
integral part of the site-specific landform design as discussed below.

3.2 Design and deposition of CT

The success of capping depends on the production of a CT deposit that can be readily capped,
and post-reclamation settlements that can be managed. To achieve this outcome, the following
measures are required:

e Choosing a robust CT recipe that limits segregation and produces deposits that have
small settlements over acceptably short timeframes. This typically means that the CT
recipe has a fines content and density high enough to minimize segregation, but low
enough to promote rapid consolidation/settlement.

e Closely monitoring the CT production to ensure it stays on-spec at discharge.

e Monitoring and adjusting CT discharge and deposition to ensure it remains non-
segregating. Some segregation is inevitable, and any segregated material that cannot
be capped can be removed by a dredge at the distal end of the deposit (typically this
is fluid fine tailings and water). Some zonation is also inevitable so capping designs
for the distal areas (which will be enriched with fines) are adjusted if needed.

CT behaves as a loose sand. There has been extensive cone penetration testing (CPT) and vane-
strength test of existing CT deposits to understand CT behaviour and properties. CT tends to
behave with an underdrained strength according to the vertical effective stress (Equation 3-1)
based on triaxial data and back analyses of trial embankments on CT.
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=1 (3-1)

oy! y'd

where s, is the peak undrained shear strength, 0,’is the vertical effective stress, y’is the buoyant
unit weight of tailings, and d is the depth’. Bare, uncrusted CT at the surface has essentially zero

shear strength, although the strength increases linearly with depth.

In many cases, there is a (usually desaturated) crust with 10 to 30 kPa® of peak shear strength
that is only 10 to 50 cm thick and provides little additional bearing capacity for equipment or
embankments. However, in the particular case where there is underdrainage, the top few metres
of the CT deposit are in suction and up to 100 kPa® of peak undrained shear strength near the
surface is observed (as was seen at the NST Field Demonstration Reclamation Cell (see Section
4.1)).

3.3 Types of CT capping and methods of selection

McKenna et al. (2016) provide a framework for capping oil sands tailings based on both soft
tailings density and peak undrained shear strength (Figure 3-1) and capping methods based on
empirical data from field trials on CT and other oil sands soft tailings (Figure 3-2). Six methods of
capping are described (Figure 3-3):

e Water capping: almost any tailings can be capped with water, which “floats” on the
denser tailings fluid or solid below.

e Coke capping: can be employed as a floating cover if the bulk unit weight of the coke
is less than that of the underlying tailings, even if the tailings are fluid and are
supported by geogrid / geofabric (Figure 3-4).

e Raining-in sand: a common technique of placing thin lifts (each just 5 to 10 cm thick).
This approach is generally suitable for CT, but is typically more costly and
operationally intensive than other methods.

e Sand beaching: the most common method in oil sands. The energy of deposition
needs to be kept low to avoid excessive mixing or displacement (Figure 3-7).

e Soft ground techniques: mechanical placement is common in oil sands, but much
more expensive than beaching. It controls and minimizes the use of sand (Figure 3-
5).

e Standard earthworks construction: this method is suitable where the trafficability
cap is strong enough to support equipment, namely 40-tonne trucks and CAT D6-

7 A saturated tailings sand cap has a buoyant unit weight of about y'= 7 to 9 kN/m3 and fully consolidated saturated CT
has a buoyant unit weight of about 10 kN/m?q.

8 Measured for example at the NST Field Demonstration U-Shaped Cell.

9 Measured for example at the (underdrained) NST Field Demonstration Reclamation Cell.
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sized dozers which weigh between 13 and 22 tonnes. Larger equipment can be
employed in some cases.

Syncrude routinely uses the last three of these technologies for capping CT. Suncor Pond 5
benefits from use of the first two. Designers select the best combinations of caps for each deposit
and adjust designs as experience at that specific deposit is gained.

Early research at the NST Field Demonstration and the CT Prototype examined the use of
enhanced CT surface strength (frost, or a crusted or vegetated surface) to support equipment
operating on CT. Silva (1999) and Smith et al. (2018) provide some research results regarding
the use of vegetation to stiffen the surface of soft tailings. Analysis and field testing quickly
indicated that these enhancements could not be relied upon to support mining equipment, but can
strengthen the interface.
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Figure 3-1. Oil sands soft tailings strength and density chart.
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Figure 3-2. Oil sands soft tailings capping.
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Figure 3-3. The six pack of tailings capping methods.
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Figure 3-4. Mechanical placement of coke on off-spec CT at Suncor Pond 5 in 2010 (coke
roads on strong geofabric).

Figure 3-5. Mechanical placement of tailings sand on CT at Syncrude CT Prototype in 2000.

3.4 Design of the cap

Syncrude geotechnical staff design the trafficability cap to meet trafficability
requirements, support the closure topography layer, and to meet water quality and
water quantity objectives for the reclaimed landscape (the groundwater regime in the
closure landscape depends on the cap to act as a surface aquifer). A site investigation
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is used to characterize the deposit and as input into the site-specific design of the
trafficability cap. A semi-analytical design approach is used which includes equipment
bearing capacity calculations (see next section), slope stability analysis for the
hummocks, and integrated surface-water / groundwater modelling to support the
reclamation design.

3.5 Bearing capacity analysis

The trafficability cap design is based primarily on meeting requirements to support specific
reclamation equipment. Bearing capacity calculations are confirmed by trafficability testing (see
Section 3.6).

Using soil mechanics, the ultimate bearing capacity (qut) (the bearing pressure that the soil will
support at the onset of failure / instability) of a thick homogeneous anisotropic granular material,
can be predicted by the Terzaghi (1943) bearing capacity equation:

1
qQuit = EVBNV +cN, + yDNq (3-2)

Based on analysis and testing at the CT Prototype, it was determined that the main failure mode
for trafficability was undrained punching (of wheeled or tracked equipment) into CT. This means
that Equation 3-2 can be simplified to:

Quit = SyN. =5.14 s, , (3-3)

where s, is the operational underdrained shear strength of CT, and N. is a Terzaghi bearing
capacity coefficient for cohesive materials and equal to 2 + ™ = 5.14 = 5. The allowable bearing
capacity qaiow typically uses a factor of safety FS of 2 to 3 as shown:

Qattow = (3-4)

The remolded (large-strain) undrained strength of CT is approximately 10% to 25% of the peak
(which corresponds to a sensitivity of 4 to 10 as measured by the field vane). The designer takes
into account that the CT may strain upon loading, and that the operational strength is some
fraction of its peak undrained strength.

The bearing pressure of tracked equipment is estimated by dividing the operating weight of the
equipment by the bearing area measured in the field. Small-dozer tracks have bearing pressures
of 25 to 40 kPa. For trucks, the bearing pressure is the weight of the loaded truck divided by the
combined contact area of the tires; this pressure is usually close to the tire air pressure, which is,
for example, about 300 kPa for a 40-tonne truck.

Where CT is not capped and not underdrained, it is only trafficable by small, tracked, amphibious
equipment (5 kPa bearing pressure), or specialized swamp buggies (often used for sampling and
drilling). Hovercraft and airboats may also be used. Where the crust is sufficiently thick and strong,
the CT may support human foot traffic. In all cases, Syncrude develops site-specific safe work
plans.
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Larger equipment requires either suitable frost thickness or a cap to spread the load. Ice bridge
technology (e.g., USACE 2006) is employed to estimate the load capacity for equipment on frozen
CT (the typical measured CT frost depth is 0.6 to 1.2 metres in late winter), restricting loading to
modest-sized dozers and light vehicles (no haul trucks). Unlike the bearing capacity described
above, which is a function of bearing pressure and fails in shear, ice-bridge technology considers
the load (weight) of the equipment and assumes the frost cap to be a floating and brittle solid that
can fail in bending. Extensive testing of frost depth is required before loading by equipment
because the depth and strength of the frost varies spatially and temporally.

As a result, capping is generally required to traffic equipment on CT. Because layered bearing
capacity theory cannot reliably predict or design soft tailings, a simpler load-spreading approach
is used (Figure 3-6).

Figure 3-6. Accounting for spreading of bearing pressure through a granular cap on CT.

The thickness of the cap is not chosen by its frictional strength. Instead, it is assumed the cap
spreads the wheel or track loads at 1V:2H onto the soft tailings below, according to the bearing
width (B) and bearing length (L) and the cap thickness (z). The peak undrained strength of the
CT under the cap is estimated using Equation 3-1 (benefiting from the increased vertical effective
stress under the cap), using Equation 3-3 for ultimate bearing capacity, and by employing
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Equation 3-4 for a suitable factor of safety. Testing at the CT Prototype (see Section 4.2) indicated
this approach was operationally effective and that a cap 2 to 3 m thick can support a 100-tonne
loaded haul truck on fully consolidated CT (Figure 4-10).

3.6 Deposition of trafficability cap

At Syncrude, CT is generally capped using hydraulic sand beaching — discharge of tailings sand
slurry around the perimeter of the deposit, beaching over the CT. Prior to deposition of the cap,
CT is allowed to partially or fully consolidate, and tailings sand slurry is pumped to the deposit. A
discharge spoon or header pipe is sometimes used to reduce the energy of discharge (Figure 3-
7). Capping is enhanced by the fact that sand slurry during deposition is less dense than the CT.
But experience has shown that effective capping involves understanding the concurrent
depositional or geological mechanisms that create a complex deposit.

e Some of the CT is displaced by the sand cap, particularly near the discharge where
discharge energies are high (Figures 3-7 and 3-8).

e Some depositional mixing of the CT and sand forms a mixing zone, a gradational
interface of fines-enriched sand that can be centimetres to metres thick.

e There is also some interlayering or interfingering of the sand and CT, forming lenses
and beds that can be centimetres or even a metre or more thick. Some of these beds
are comprised of segregated CT.

e Sand slurry segregates during capping, forming a layer of fine tailings on the deposit
which is typically displaced to a dredge. Some of these fines are incorporated back
into the cap during deposition through entrainment or entrapment.

e Lensing (discrete lenses of CT or sand) can form through a variety of mechanisms
(not just capping), resulting in a sometimes highly heterogeneous deposit.

These mechanisms are considered during the design of the capping and the impact on the
properties of the sand cap. The main operational impact is the need to control discharge energies.
Allowing the CT to more fully consolidate, and enhancing the strength of the top of the CT (with
crusting, vegetation, or other stabilizing amendments), can help reduce this intermixing if needed
though this has not been done at a commercial scale.
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Figure 3-7. Tailings sand hydraulic beaching over CT using a spoon at the discharge — CT
Prototype in 1998.

Figure 3-8. Complex depositional mechanism for CT and sand-capping (resulting in a complex
deposit).
3.7 Trafficability testing

Syncrude backs up its semi-analytical design approach, described in Section 3.4, in two ways.
First, Syncrude has developed summer and winter trafficability proof-roll testing of the capped CT

Page 30



Syncrude’s Experience with Capping and Trafficking Composite Tailings August 28, 2020

beaches, with larger and larger equipment advancing straight down the beach (Figure 3-9 and
Figure 3-10). As the equipment progresses, it is closely monitored by the operator and a
geotechnical engineer. The equipment reverses back up the beach when trafficability is reduced.
The site where the equipment stopped is marked with a stake and a GPS survey position is
measured. Subsequently, larger equipment is allowed no farther than that stake. A typical summer
progression is an amphibious hunting vehicle, D3 dozer (8-tonne), D6 dozer (20-tonne). In
summer, the heaviest equipment used is a D6/D7 dozer.

In winter, the frost depth at various locations is measured using the amphibious hunting vehicle,
then operational techniques are employed to increase the frost depth. When frost depths exceed
about 55 to 60 cm, the area is tested with a D9/D10 dozer. When frost depths exceed 90 to 100
cm, trafficability is tested with an empty then loaded 40-tonne truck, a loaded 100-tonne truck,
then a loaded 140-tonne truck.

Equipment is parked on the dyke that can immediately extract any mired test equipment. A beach
trafficability map and report are produced. A design for what equipment can work in which zone
is then produced and followed in the field.

For areas that are too soft for the desired equipment, various stabilization or alternative capping
measures are available, such as waiting for further consolidation, crusting, geogrid placement,
hydraulic sand-capping, and enhanced frost penetration.

Figure 3-9. Example of trafficability proof-roll testing technology for sand-capped CT.
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Figure 3-10. Trafficability testing with a Cat D3 dozer on the sand-capped CT Prototype in
1999.

This empirical testing approach has been successful, as indicated in the case histories (Chapter
4). Sometimes equipment becomes mired during proof-roll testing, but it can be quickly extricated
using prepositioned equipment.

Second, trafficability risks are further reduced, and efficiency increased, by conducting
reclamation material placement in the late winter, which takes further advantage of frost that
penetrates the sand cap. This is the normal placement schedule for oil sands reclamation, as it
also takes advantage of the frozen peat borrow areas. Syncrude has commercialized techniques
for winter trafficability testing taking advantage of (measured) frost penetration: Argos, D6 dozers,
40-tonne, 100-tonne, and 140-tonne trucks. These techniques have been developed and used
extensively at the Syncrude EIP area.

To further enhance operational trafficability, finger hummocks perpendicular to the dyke crest
have been used to provide roads for haul trucks, as noted in Chapter 4 (capping by conventional
earthworks). Haul trucks dump reclamation material near the crest of hummocks, and the material
is then spread by dozers working on the hummocks and the intervening swales. Swale widths
less than 100 m allow for simple and economical pushes by the dozers. This method is used at
the EIP (Chapter 4).
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3.8 Prediction of post-reclamation settlement

Post-reclamation settlement prediction is important for identifying areas that may have excessive
settlement (predicted to affect drainage patterns and create ponding water) and is also used as
part of the closure watershed water balance.

CT settlement is generally predicted using large-strain consolidation theory, and by employing
commercially available one-dimensional analyses. Data from laboratory consolidation testing and
field back-analysis (of settlement rates and dissipation of excess pore-water pressures) are used
(see Pollock et al. 2000). Typically, several models for different areas of the deposit are run, then
used to estimate post-reclamation consolidation magnitudes and timeframes. The model runs
cover the lifecycle of the CT, from initial deposition in the base of the pit, through final filling,
capping, and into the post-reclamation period until full consolidation is reached. In some cases,
settlement is complete before the reclamation material is placed (for example at Sandhill Fen
Watershed, full consolidation occurred during deposition — piezometers installed after deposition
indicated no excess pore-water pressures and settlement monuments installed at the same time
indicated less than 25 mm of settlement).

A settlement map is produced (Figure 3-11). Up to about 2 to 4 m of CT settlement can be
managed through good design and construction. Because most CT, when capped, already has
sand-to-sand contact, predicted post-reclamation settlements are generally small, typically less
than a metre or two for on-spec CT.
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Figure 3-11. Example of settlement prediction map (hypothetical data).
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3.9 Other technologies

The technologies for design of closure topography (the hummocks and swales), managing water
quantity and quality, and reclamation of sand-capped CT deposits are described in the companion
documents (by Syncrude and Advisian) to this report. These include:

e Design of the hummock-and-swale surface topography to manage the quality and
quantity of seepage water in the reclaimed landscape

e Design and placement of reclamation material on the closure (final) topography sand
/ overburden surface

e Design and field activities related to revegetation of the CT deposits, including
integration between upland and wetland areas

e Monitoring techniques for landscape performance of the substrates, waters, and
vegetation/ecosites.

3.10 Summary

The above framework provides the methods and processes that Syncrude uses to design,
deposit, and test trafficability caps. Using this framework has allowed Syncrude to make capping
CT a routine commercial activity at numerous sites. It is supplemented by an informal
improvement process (Chapter 4).
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4.0 CT CAPPING CASE HISTORIES

This chapter documents 19 supporting case histories that demonstrate Syncrude’s experience, over the
past 25 years, producing, depositing, capping, and reclaiming CT deposits using the technologies
described in Chapter 3. The case histories are organized geographically:

NST Field Demonstration

CT Prototype

East In-Pit (EIP)

Southwest In-Pit (SWIP)
Aurora East Pit South (AEPS)

Table A-1 (Appendix A) presents the histories. Figure 1-1 shows the first four of these locations
and Figure 4-1 shows Aurora East Pit South (AEPS). Table 4-1 provides details on all 19 case
histories.

Figure 4-1. Syncrude’s Aurora East Pit South (AEPS)
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Table 4-1. Case histories summary table

No.

Case history name

Year

Coordinates (UTM, NAD 83)

Area (ha)

Syncrude NST Field Demonstration

Total capped: 4 ha

01

Syncrude NST Field
Demonstration U-Shaped
Cell Loading Test

1999

460,279 E; 6,323,055 N

4 x 100 m?

02

Syncrude NST
Underdrained
Reclamation Cell Test

1999

460,304 E; 6,323,172 N

1 ha

03

Syncrude NST Field
Demonstration U-Shaped
Cell (mechanical
placement for cell and fen
construction)

2008

460,224 E; 6,323,164 N

1.5 ha

Syncrude CT Prototype

Total capped: 50 ha

04

Syncrude CT Prototype
(hydraulic sand cap)

1998

458,680 E; 6,329,060 N

25ha

05

Syncrude CT Prototype (1
ha reclamation cap)

1999

459,111 E; 6,329,347N

1 ha

06

Syncrude CT Prototype
(sand cap ditching
prototype)

2000

458,933 E; 6,329,539 N

2 ha

07

Syncrude CT Prototype
(mechanical sand cap)

2000

458,321 E; 6,328,861 N

~2ha

08

Syncrude CT Prototype
(winter placement of
reclamation material on
sand cap)

2001

458,812 E; 6,329,475 N

10 ha

09

Syncrude CT Prototype
(W4 dump construction)

2014

458,653 E; 6,328,987 N

50 ha

Syncrude East In-Pit

Total capped: ~1000 ha

10

318 Closure Divide

2007 to
2009

464,697 E; 6,321,609 N

32.5ha

11

Southeast Pond Junior
(SEP Jr)

2008

464,014 E; 6,320,367 N

110 ha total

12

Sandhill Fen Watershed
(hydraulic beach
construction)

2008

464,039 E; 6,321,897 N

70 ha

13

Sandhill Fen Watershed
(mechanical hummock
construction)

2009 to
2011

464,020 E; 6,321,935 N

50 ha

14

Sandhill Fen Watershed
(winter reclamation
material placement)

2012

464,020 E; 6,321,935 N

50 ha

15

Kingfisher Watershed
(hydraulic sand capping)

2012

464,685 E; 6,322,251 N

32 ha
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No. Case history name Year Coordinates (UTM, NAD 83) Area (ha)

16 Kingfisher Watershed 2014 to 465232 E; 6,321,717 N 54 ha
(mechanical sand 2016
capping)

17 Syncrude EIP (hydraulic 2008 to 465,100 E; 6,320,980 N 500 ha
sand capping) present

Syncrude Southwest In-Pit (SWIP) Total capped: 32 ha

18 North Filter Berm CT 2012to 459,712 E; 6,319,324 N 32 ha
(SWIP Jr) 2014

Syncrude Aurora East Pit South (AEPS)

19 Aurora East Pit South 2014 to No capped deposit (ongoing 0 ha
(AEPS) present active CT deposition only)

Approximate total capped CT at Syncrude to date 1186 ha

4.1 NST Field Demonstration

Following early lab scale demonstrations (Matthews 2002), CT demonstrations and research
began with the Syncrude 1995 NST Field Demonstration in the southwest corner of the Mildred
Lake Settling Basin (Figure 4-2 and Appendix B-1). The goal of the program was to demonstrate
the production, deposition, and consolidation of on-spec CT and to gain operational knowledge
and experience. Three deposits were successfully constructed: the NST U-shaped cell (600 m
long, 30 m wide, lined flume), an underdrained reclamation cell 2 m thick (for reclamation trials),
and a CT-under-MFT demonstration deposit. The key findings were that all three deposits were
made with negligible segregation, and consolidation was rapid. The first two deposits were used
for follow-on research and development as described next.

The first capping trial pilot was the Syncrude NST Field Demonstration U-Shaped Cell Loading
Test (Case History 01; Figures 4-2, 4-3, and 4-4). The research goal was to develop techniques
for placing and monitoring small embankments on CT and understand the resulting deformation
mechanisms. Four 100 m? test embankments were constructed where the CT was approximately
2 m thick; two embankments were placed directly on CT, a third site had a filter cloth at the
interface, and the last site had geogrid and fabric. The key learning from the project was that a
soft ground technique can be used to cap consolidated CT with only a small mud wave out front
of the embankment. Visual monitoring is necessary and sufficient for a safe and efficient
operation. Crusting simplified placement of the geofabric and geogrid.
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Figure 4-2. Loading of the trial embankment at the NST Field Demonstration U-Shaped Cell in
1999.

Figure 4-3. Embankment loading trial at the NST U-Shaped Cell in 1999.
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Figure 4-4. Embankment loading trial at the NST U-Shaped Cell in 1999.

Syncrude returned to the Syncrude 1995 NST Field Demonstration in 1999 (Case history 02;
Figure 4-5) to conduct the Syncrude NST Underdrained Reclamation Cell Test. The goal was
to undertake an excavator trafficability test on an underdrained CT deposit. The work involved
construction of a CT cell deposit 2 m thick over an unsaturated tailings sand foundation. Key
learnings were that the deposit drained in a few months to become unsaturated to the full 2 m
depth. This resulted in a hard, table-top-like surface that was difficult to penetrate with a hand
spade or shovel, and which had a peak undrained strength of approximately 90 kPa (due to
suction). The excavator left only slight cleat indents on the deposit. The deposit was subsequently
capped with a few metres of fill to serve as a laydown area with no reports of any capping
difficulties.

In 2008, Syncrude began building 28 pilot fen wetlands at the U-shaped cell (Case History 03;
Figure 4-6). The goal was mechanical placement for cell and fen construction on the U-
shaped cell deposit. The work involved construction of small embankments 1 to 2 m high to form
cells on CT and the subsequent construction of HDPE-lined cells using various reclamation
material treatments to form about two dozen pilot fen wetlands. Key learnings were that, after a
decade, the deposit had a 60-cm deep crust that could support a medium-sized tracked excavator
(CAT 322B 50T, similar to a D6 dozer). Though the highest part of the deposit could support a
loaded 40-tonne truck, it became mired about 200 m down the beach.

Overall findings from the NST Field Demonstration

These successful pilot capping experiments showed that capping CT was feasible using soft-
ground techniques, which is the most common approach for soft tailings worldwide (Jakubick and
McKenna 2001) and allows for the development of monitoring techniques. The high cost of this
capping approach indicated that hydraulic sand capping would likely be much more economical,
and that this soft-ground technique is best reserved for small areas of particularly soft tailings.
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Figure 4-5. Equipment loading trial at the NST U-Shaped Cell in 1999.

Figure 4-6. Trafficability testing on uncapped CT at the NST U-Shaped Cell in 2008.
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4.2 CT Prototype

The CT Prototype (Figure 1-1; Appendix B-2) was constructed and filled with CT in the summers
of 1997 and 1998 to scale up CT technologies, including discharge and deposition, consolidation
and settlement monitoring, trafficability and hydraulic sand capping, and terrestrial and aquatic
reclamation. Various CT-capping projects at the CT Prototype are described in the following
paragraphs.

Hydraulic sand capping (beaching) of tailings sand over CT and trafficability of the cap were
trialed in 1998 and 1999 at the CT Prototype (Case History 04; Appendix A-1). The goal of the
study was to place a hydraulic sand cap on the CT Prototype and monitor its performance. The
work consisted of hydraulic tailing sand beaching using a flip spoon on a 24-inch-diameter tailings
line (Figure 4-7). Key learnings were that there was some zonation (the deposit’'s SFR averaged
3 near the discharge, trending linearly, to 5 near the distal toe), some displacement during capping
of fresh non-segregated tailings (to depth of 0 to 6 m), and a mixing zone 2 m thick between the
sand cap and underlying CT. The dense sand cap was prone to cyclic liquefaction under
equipment loads (Wood 2003), sand volcanoes, and consolidation water upwelling. The water
table was close to the beach surface in all areas, except those adjacent to the dyke crest. This
prototype-scale trial was successful, but the amount of displaced CT indicated a need to allow
more consolidation of CT before capping (only two days had been allowed).

Figure 4-7. Hydraulic sand-capping of the CT Prototype in 1998.
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A reclamation trial covering 1-ha (10,000 m?) (Case History 05; Figure 4-8) was constructed in
1999 at the east end of the saturated sand cap. The goal was to test reclamation methods on the
saturated sand beach. The work consisted of track-packing with various sizes of equipment
(Caterpillar D3 and D6 dozers and 30-tonne rock trucks) to improve trafficability and reduce
consolidation water upwelling, followed by placement of 20 cm of secondary material and 15 cm
of peat mineral reclamation cap. Key learnings were that, despite these efforts and the use of only
small dozers and small haul trucks for reclamation material placement, the beach had marginal
trafficability for small equipment and that saturated tailings are often untrafficable to large mining
equipment. Considerable upwelling of tailings pore water took place during placement and the
reclamation material became waterlogged and salinized. Within a few years, salts had flushed,
moisture contents decreased, and vegetation performed well (without intervention). This
development-scale work was ultimately successful, but indicated the need for improved water-
table control through the use of hummock-and-swale topography.

Figure 4-8. Mechanical compaction of 1-ha trial at the CT Prototype in 1999.

Trial ditching was conducted in 2000 and 2001 at the CT prototype (Case History 06; Figure 4-
9). The goal was to evaluate field-scale use of water-table control methods for tailings sand caps
on CT. The work was a randomized ditching trial with ditches 2 m deep down the beach, and
shallow standpipe piezometers installed to monitor changes in the phreatic surface (water table)
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due to drainage. Key learnings were that ditching below the water table is challenging and issues
arose with the rising of ditch bottoms (from a depth of 2 to 3 m up to 1 m within hours), miring of
equipment, spalling, and slumping of side slopes. Piezometric response to the ditching was minor
and attempts to dewater the ditches were largely ineffective. Ditching for water-table control was
discounted by Syncrude in favour of hummock construction. This development-scale work was
ultimately unsuccessful.

Figure 4-9. Ditching trial at the sand capped CT Prototype in 2000.

Mechanical placement of sand using small trucks and small dozers to create hummocks was
trialed in 2000 (Case History 07; Figure 3-5). The goal was to investigate the placement of
hummocks as an alternative to ditching. The work involved loading the CT Prototype sand cap at
the west end with a 2- to 3-m lift of tailings sand. Key learnings were that hummocks were a viable
option for water-table control despite minor toe bulging, local dewatering, and some cracking at
the crest, and that mechanical placement of hummocks is relatively straightforward if the tailings
substrate is sufficiently dense, and strong enough, to support the slopes and equipment (see
McKenna et al. 2016). This work was successful at the prototype scale.

Winter placement of reclamation material on sand cap was trialed in 2001 (Case History 08;
Figure 4-10). The goal was to reclaim the area using standard mining equipment. The work
involved summer trafficability testing, which indicated it would be safe to place reclamation
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material on the sand-capped CT with loaded 100-tonne haul trucks. Reclamation material was
successfully placed with these trucks in winter (Figure 4-10). Key learnings were that placement
of reclamation material was feasible with standard mining equipment (100-tonne haul trucks and
Cat D6 dozers) under non-frozen and frozen conditions with no deformations under winter
conditions. This work is considered prototype-scale research.

Figure 4-10. Winter placement of reclamation material at sand capped CT Prototype in 2001.

The CT Prototype was buried by W4 Dump construction in 2014 and is no longer accessible
(Case history 09; Figure 4-11). The goal was commercial-scale construction of the overburden
dump using mining techniques and equipment and geotechnical stability of the constructed dump.
The work involved improvement of the frozen surface and then winter placement, and advancing
the overburden fill onto the frozen surface using initially smaller, and subsequently larger, mining
equipment and lift thicknesses. Additional safety and contingency measures were put in place,
initially using smaller equipment, offsets for trucks back-up, day-shift placement of lifts only, and
leaving a “hole” in case excess CT needed to be removed and to act as a sump for pumping water
from spring melt / surface runoff. Key learnings were that the first lift of overburden was
successfully placed (using a horse-shoe pattern to control deformations), despite some isolated
areas where the frozen cap heaved up with some cracking on the lift, which were remediated with
a reduction in lift thickness. Tens of metres of overburden fill overlies the CT prototype with no
evidence of deformation.
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Figure 4-11. W4 Dump construction on CT Prototype in 2014.

Overall findings from the CT Prototype

The CT Prototype provided a sizeable outdoor laboratory for CT deposition, capping, and
reclamation. It showed that mechanical capping of CT could be done efficiently with mining
equipment, that CT could be capped with normal beaching operations (although waiting for
consolidation would be required to reduce CT displacement volumes), and that ditching for water-
table control was impractical. It also demonstrated that sand-capped CT can be trafficked with
normal mining equipment for reclamation, taking advantage of winter frost conditions to limit
deformations and to limit upwelling of consolidation water. The overburden capping indicates that
CT deposits can be capped with tens of metres of overburden taking advantage of frost and
closely monitoring dumping conditions. This work provided the confidence needed to advance to
commercial-scale production and sand capping of CT at EIP.

4.3 East In-Pit (EIP)

EIP is a mined-out pit to the south of Highway 63 and Mildred Lake. EIP is typically divided into
two areas: Northeast In-Pit (NEP) and Southeast In-Pit (SEP). The pit was mined from 1989 to
2000. Deposition of CT began in 2000 and capping of the CT began in 2007. The capping work
at EIP described below provided Syncrude with numerous R&D opportunities and the ability to
develop and refine a commercial capping operation in the southern end of EIP. The progression
of work at EIP, from initial filling to near-final reclamation, is presented in a sequence of satellite
images in Appendix B-3. Figure 4-12 presents two recent cross-sections of the EIP deposit.

Page 46




Syncrude’s Experience with Capping and Trafficking Composite Tailings August 28, 2020

Figure 4-12. Two EIP cross-sections indicating fines contents (dark blue is the typical target for
CT) (From Barr 2019).
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The 318 Closure Divide was one of the first capping structures constructed on CT at EIP, taking
place from 2007 to 2009 (Case History 10; Figure 4-13). The closure divide is 2500 m long, 180
m wide, and 6 m high, and extends east-west across the northern half of EIP. The closure divide
was constructed to create two separate watersheds in EIP for closure; a northern watershed that
will ultimately drain surface water to Mildred Lake and a southern watershed which will drain
surface water to Base Mine Lake (BML). The closure divide is also intended to provide gradient
to the SEP outlet to BML. The closure divide was advanced onto the CT deposit using cell
construction from both sides to meet in the middle; work on the western end began in late 2007
and the eastern end in November 2008. Key learnings were twofold: 1) the operational learnings
from construction and 2) from geotechnical instabilities during construction of the west end of the
closure divide in summer 2009 (cracks, sand boils in the surrounding CT, depressions in the
closure divide). Construction continued following these instabilities using modification to side-
slope design (setbacks), wait periods to allow for drainage, and modifications to placement plans
to achieve final construction. These instabilities were investigated by Syncrude and slope-stability
back-analysis was undertaken.

Figure 4-13. The 318 Closure Divide constructed on CT at EIP using hydraulic cell construction
in 2007-2009.

The Southeast Pond Junior (SEP Jr) hummocks (Case history 11; Figure 4-14) were
constructed in 2008. The hummocks were constructed as a closely investigated and monitored
trial of hummock construction on CT that had been deposited at an operational scale (with a
targeted SFR of 4:1) instead of a prototype. The construction was open-end cells with the initial
lift beached onto CT. As the lift developed to approximately 2 m above the original CT surface,
dozers were able to start pushing side dykes while still allowing the tailings to flow out of the open-
ended cell. As this built up, the side dykes were advanced further. Eventually, the end dyke could
be established with a spill box installed. The result was a 2.5 to 3 m thick hummock (as measured
from the original CT surface), and a track-packed cell was constructed. A second lift was
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constructed on top and the final result was a hummock 8 m high'® on CT. Key learnings were that
the hummocks were successfully constructed on commercially deposited CT using beaching and
open-cell construction. Several noteworthy operational learnings were produced. First, a
combined beach and hummock-and-swale construction could be done simultaneously. Second,
the side of the second lift initially did not have any offset from the first lift and some cracking
developed along the edge. To resolve this, an offset of 5.2H:1V was implemented with no further
cracking or instability noted. Third, sand losses from the open-ended cell formed a beach and,
due to the fan that developed, resulted in poor drainage between the hummocks where the swale
was intended to be. A design change to resolve this issue was proposed to create a hummock
wider at the start and narrower at the end. Fourth, with regard to geotechnical stability, no visual
evidence of sand boils appeared (unlike during construction of the 318 Closure Divide). A slight
strength gain of the CT was noted from the sand capping in the following two years, with only
0.2 m of post-construction settlement.

Syncrude Sandhill Fen Watershed was constructed in the northwestern corner of EIP (see
Whytrykush et al 2012). The goal of this instrumented watershed is to allow Syncrude to undertake
research to gain additional experience and knowledge regarding wetland (and watershed) design
and reclamation. The project took place in three phases, utilizing separate capping technologies:
1) Hydraulic beach construction (Case History 12), 2) Mechanical hummock construction
(Case History 13), and 3) Winter reclamation material placement for fen construction (Case
History 14). See Figure 4-15.

The hydraulic beach construction consisted of commercial deposition of tailings sand over CT
from an open-pipe discharge in 2008. The resultant sand layer varied from 10 to 13 m thick (much
of the volume of this cap was designed to provide closure topography). Key learnings were that
the summer trafficability of the sand cap was found to be fair for mining equipment where
saturated, but that poor trafficability was evident in the few locations that had standing water.
Trafficability in winter was excellent since there was more than 1 m of frost. Underdrains that
ploughed through the frost cap resulted in heaving/flow of the sand up through the trench and
similar difficulties for the CT Prototype trenching.

Mechanical hummock construction, from 2009 to 2011, involved construction of seven rounded
“island” hummocks, each 4 to 8 m high on the hydraulically placed sand cap. Construction
involved mechanical placement of tailings sand utilizing 40-tonne trucks and small dozers, placed
in lifts of 1 m. Key learnings were that the mechanical hummock construction was successful; no
deformation of the hummocks was observed (apart from minor deformations of wet sand in one
hummock) and there were no observations of deformation to the hydraulically placed sand cap
from the loading of the mounded hummocks.

0 The ridges were originally designed to be twice as high as needed, then pushed down with dozers. Syncrude decided
to keep with the as-built topography instead and allow wider swales.
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Figure 4-14. Sand-capping and hummock construction at Syncrude SEP-Jr in 2014.
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Figure 4-15. Sandhill and Kingfisher (2015/2017).

Winter reclamation material placement for fen construction was undertaken in 2011 and
2012 and involved placement of 0.5 m of clay till and 0.5 m of peat mineral mix in the 15 ha fen
between the mounded hummocks. Work was completed using 40-tonne trucks, a D6 dozer, and
excavators (see Figure 4-16). Key learnings were that, in cases where there was more than 1 m
of frost, the trafficability for winter reclamation placement was adequate for smaller equipment.
The capping methodologies used could support the placement of reclamation material. The
performance likely benefited from the thick sand cap. Subsequent performance of this research
area has been documented by Syncrude in a companion document.

Kingfisher Watershed is in the northeastern corner of EIP. The watershed was hydraulically
sand capped in 2010 (Case History 15) and mechanically sand capped in 2014 to 2016 (Case
History 16) with the goal of creating closure topography. The underlying deposit in this area of
EIP is layered CT and tailings sand with some areas of sandy MFT (4 to 10 kPa peak shear
strength, 20% to 40% fines), which creates a challenging area to cap.

Hydraulic placement of tailing sand in Kingfisher Watershed took place in 2012 and was
beached from the perimeter with a 24-inch-diameter line to create a dish-shaped watershed
between 318 Closure Divide and the EIP boundary to the north. The beaching created a 0- to 10-
m tailing sand cap. Key learnings were that while the sand capping of weak deposits is achievable,
large volumes of sandy MFT were likely displaced during the beaching (a positive outcome but
not entirely controllable).
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Figure 4-16. Winter placement of coarse woody debris at Sandhill Fen Watershed by mining
equipment.

Mechanical placement of a tailing sand cap in the Kingfisher Watershed was undertaken in
2014 to 2016. In summer, upland construction was completed; base preparation (dewatering, no
track packing) was followed by tailing-sand placement using 40-tonne trucks (wiggle wagons) for
the first lift, and then 100-tonne (CAT 777) haulers with D6 and D7 dozers. In winter, lowland
construction involved base preparation of frost pounding'' by dragging tires using a low-ground-
pressure ATV; D7s were used once the frost depth was sufficient. Wiggle wagon trucks were
used to bring sand in and D6/D7 dozers for placement. The area was reclaimed using commercial
reclamation techniques. Key learnings were that the watershed was reclaimed successfully using
hydraulic and then mechanical techniques. From the summer construction, some deformation
from the displacement of segregated high-fines CT (edge and lift settlement) was evident and
sand boils were seen mainly on the north and east side of the watershed. From winter
construction, no deformations were observed. Once thawed, no significant deformations or sand
boils were evident, just minor settlement from melting frozen sand lumps.

For the remainder of Syncrude EIP, commercial hydraulic sand capping (Case history 17) has
been ongoing in NEP and SEP since 2008. The goal was commercial capping of the CT to create
a trafficable surface to enable the subsequent creation of stable closure topography. The CT was

" Northern operators have often used “frost pounding” to “drive” frost into the ground, essentially deepening / thickening
the frost cap in a certain area. The mechanics of such work is uncertain, but likely relates to keeping snow / loose frost
from remaining on the surface, accelerating heat loss from the tailings to the atmosphere.
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capped with hydraulic sand capping (beaching) to create a trafficability cap and using cell
construction to create hummocks which have since been reclaimed (Figure 4-17). The remaining
lowland areas (non-hummock) in the west of the deposit are planned to be capped in 2020. Key
learnings were that the deposit characterization is important to understanding the final constructed
closure landscape; creation of various watersheds in the northern end of EIP likely displaced
some of the CT that was redeposited in the southern end. The majority of the deposit was
hydraulically capped and can be trafficked by a D6 dozer; some CT may have been displaced
during this capping. The resulting trafficability cap is considered to be an integral part of the
closure topography design. Operational learnings (safe work practices, timings, schedules,
methods) during construction continue to be incorporated into Syncrude operational practices.

Figure 4-17. Newly reclaimed sand hummock over CT at EIP.

Overall findings from the EIP

The EIP is the first commercial-scale CT deposit to be capped and reclaimed. The results to date
have been judged extremely successful, with Syncrude applying learnings to its remaining CT
deposits. Although originally designed to be homogenous, the heterogeneous CT deposit
facilitated rapid consolidation (the sandier layers likely acting as interdrains), and drainage due to
the sandy Boundary Dyke likely increased the ease of hydraulic sand capping. On the one hand,
the 13-m-thick sand cap at Sandhill Fen Watershed provided excellent trafficability for
reclamation, while the off-spec CT in Kingfisher and under the 318 Closure Divide proved more
challenging (but ultimately successful). This deposit shows that CT capping and reclamation can
be carried out effectively and efficiently. Future deposits can benefit from more analysis of the
EIP, especially with respect to increasing the fines storage efficiency for in-pit deposits.
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4.4 Southwest In-Pit (SWIP)

Hydraulic sand capping of CT has been ongoing at North Filter Berm CT (SWIP Jr), Southwest
In-pit (SWIP) (Case History 18; Figure 4-18; Appendix B-4) since 2012 at a commercial scale.
The goal was to take the learnings from the successful creation of the 318 Closure Divide and
create a sand trafficability cap on CT at SWIP for the SWIP North End Dam. In 2014, 22 m of
sand cap was placed on CT with an SFR of 3.8:1 using cell-construction techniques working from
east to west. Key learnings were that sand-capping CT continues to be affirmed operationally.
Cell construction adjacent to the pond allowed greater sands capture, letting Syncrude conserve
sand rather than having it interbed with the CT in SEP Major. This is an example of innovative
improvement, and demonstrated Syncrude’s capacity to react to local conditions. The Mildred
Lake CT Plant continues to operate efficiently, meeting end-of-pipe CT specifications almost all
of the time.

Figure 4-18. SWIP Jr beaching operation in 2019 (from Google Earth).
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4.5 Aurora East Pit South (AEPS)

CT production at Syncrude’s Aurora North operation started in 2014 with deposition to the AEPS
site (Case history 19; Figure 4-1; Appendix B-5). Some difficulties with CT production (mainly
related to gypsum handling and excessive component wear) continue to affect Syncrude’s target
CT production. These issues are being dealt with through sequential design upgrades. Hydraulic
sand capping of the completed deposit is planned for 2029. Experience at EIP shows that the off-
spec CT material can be entrapped or displaced, but there is some urgency to improve the CT
plant reliability to manage this situation.

4.6 Other relevant studies

Suncor is a majority owner of Syncrude, and has two relevant case histories for capping of CT,
both of which are detailed below. The progression of work at Pond 5 is presented in a sequence
of satellite images in Appendix B-3.

In 2008, Suncor undertook a small-scale trial on Pond 5 CT deposit of a coke cap overlying non-
segregating tailings. The trial was 25 m? and involved mechanical placement of coke from shore
with a backhoe to a cap thickness of 1 m. The testing was limited to a backhoe on shore. The
deposit was found to be trafficable by foot but not equipment. This early pilot work was a useful
precursor to the commercial-scale floating coke cover operation that followed.

A large volume of off-spec CT deposit was created due to CT segregation during deposition at
Pond 5. The capping goal was to place a floating coke cap on the off-spec CT (segregating sandy
coagulated MFT) to create a trafficable surface (Abusaid et al. 2011). A series of coke roads over
strong geosynthetics was constructed using small equipment for the first lift, followed by medium-
sized mining equipment for subsequent lifts. The surrounding poulder areas were later backfilled
with coke, and wick drains have been installed to speed consolidation of the deposit. Key
learnings were that Suncor coke can be successfully used as a floating cover to cap low-density
fluid tailings. Laying out and stitching of the geofabric on the frozen pond was straightforward.
Placement of the first layer of coke required considerable trial and error but ultimately proved
successful with subsequent lifts being placed with larger equipment. While expensive, it is a useful
contingency technology for capping oil sands soft tailings. The coke cap was successfully tested
with a loaded 100-tonne truck, although scrapers and 40-tonne haul trucks were preferred for
operation (See Figure 4-19). The coke cap provided a good platform for wick drain installation
using large excavators. The landform is designed to accommodate large settlements through use
of a reclamation lake. Key learnings were that off-spec CT can be capped using a floating coke
cover, though at great expense and - if the off-spec material is deep — results in high settlements.

Page 55



Syncrude’s Experience with Capping and Trafficking Composite Tailings August 28, 2020

Figure 4-19. Placement of floating coke cap on Suncor Pond 5 off-spec CT.

4.7 Summary

The database and experience of 19 CT-capping case histories, combined with the learnings from
30 other soft tailings case histories and from international experience, provide an excellent basis
for future designs and operation for capping of CT at Syncrude. The case histories provide a real-
world example of scaling from the research laboratory, through development pilots and
prototypes, to implementation of full-scale commercial technology. The work allows Syncrude to
design, plan, and cost its CT production and capping and integrate these efforts with the overall
mine and tailings plans.
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5.0 ASSESSMENT OF TECHNOLOGIES

This chapter presents an analysis of the technology readiness levels for CT production and CT
capping, a list of residual challenges that Syncrude is addressing, and a list of geotechnical
monitoring activities.

5.1 Analysis of technology readiness levels

Syncrude and other oil sands operators follow a formal method to assess new tailings
technologies (McKenna et al. 2011), moving from the conceptual description, through to bench-
scale tests, field pilots, field prototype, and on to commercial implementation. Table C-1
(Appendix C) provides a description of technology readiness levels (TRL) for the oil sands based
on a scale by NASA (2017). Production of CT and sand capping has followed this general
approach, as demonstrated by the case histories in Chapter 4. As a guide to the following
paragraphs:

e TRL 1-4 Research involves paper studies and bench-scale laboratory work and
finishing in lab-pilot scales tests.

e TRL 5-6 is the Development scale, running small then large-scale field pilots.

e TRL 7-8 is the Commercial scale, involving successful full-scale prototypes and
continuous ongoing commercial operations.

e TRL 9 is the mature Commercial scale, where no additional major changes are
expected beyond standard continuous improvement.

CT Production

As demonstrated by the case histories, Syncrude’s research and development teams worked
diligently on CT Capping starting in the 1990s to develop the technologies required for CT sand
capping. Only a few small-scale capping experiments were run in the laboratory, as many of the
mechanisms of interest exist solely at the commercial scale.

Taking promising technology from the University of Alberta laboratories (TRL 4), Syncrude’s 1995
NST Field Demonstration (TRL 6) confirmed that CT could be produced on-spec, with 0.6% beach
slope angles, and quickly consolidated. The CT Prototype (TRL 7) demonstrated that CT could
be deposited on-spec in what would become known as a dedicated disposal area at full
commercial rates. Results from these tests were used to design the CT Plant for deposition into
Syncrude EIP and SWIP (TRL 8/9). Learnings from this plant and from the deposits were used to
design the Syncrude Aurora North CT Plant (TRL 8/9) and its deposits. That Syncrude is still
refining its CT production indicates there is still room to bring these commercial-scale activities to
a mature stage over the next decade.

CT Capping

Capping technology development followed a similar path, building on years of experience with
soft ground in the oil sands region and experience in capping of soft sediments by the dredging
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industry. Pilot-scale trial embankments on the NST Field Demonstration (TRL 5) were conducted
and a tailings sand cap was placed by hydraulic beaching on the CT Prototype (TRL 7). Both
areas continued to act as outdoor laboratories for development of capping technologies, and
learnings were applied to the EIP and SWIP CT deposits (TRL 8). The Sandhill Fen Watershed
area of EIP was capped with hydraulically placed tailings sand and then with mechanically placed
tailings sand hummocks (TRL 8) to act as a large, instrumented watershed for reclamation
research; the technology development and results from this work are described in the companion
documents. The Kingfisher area of EIP (TRL 8) was more difficult to cap and reclaim due to its
higher fines content; but it was capped successfully without incident and is in its monitoring phase.
Capping of almost the entire 1054-ha area of the EIP is a commercial-scale success, whose
learnings have been replicated at SWIP Jr. While challenging, the sand capping of CT to form a
trafficable cap is now commercial and routine at Syncrude.

5.2 Residual challenges

This document argues that CT sand-capping is a routine commercial-scale activity at Syncrude.
That said, the technology has several operational challenges and requires strict controls, as noted
in Table 5-1. Syncrude continues to further address these challenges to optimize CT efficiencies.

Table 5-1. CT production and capping operational challenges

Challenge

Potential impact

Control

CT process control
producing too much
off-spec material.

Reduced fines capture
and increased fines
rehandle and cost.

CT processing improvements, monitoring
and testing, additional capacity for
dredging of fluid fine tailings.

Excessive
segregation of CT
during discharge and
deposition where the
CT composition or
discharge/depositions
are out of spec.

Reduced fines capture,
and excessive volumes
of sandy fluid fine
tailings accumulating at
the distal toe of the
deposit.

Syncrude uses enhanced CT process
controls and closely monitors its CT
production, annually measures the CT
deposit performance, and adjusts its
practices if there is persistent segregation.

Competing demands
for tailings sand used
for sand capping.

Increased costs for
alternative materials or
borrow sources for
dyke construction or

capping.

Syncrude uses the latest tools and
processes for long-term tailings planning
to optimize tailings sand usage.
Contingencies if sand volumes fall short
include using existing tailings facilities as
borrow sources, or capping with petroleum
coke (Pond 5).

A saturated tailings
sand cap can be
prone to cyclic
liquefaction/cyclic
mobility even if
originally dense
(Wood 2003).

Poor trafficability for
dozers and trucks.

Careful operation of dozers on this
material, avoiding too many passes at a
single location, allowing induced excess
pore-water pressures to dissipate where
the beach does become soft, and by
restricting reclamation material placement
to such areas to winter when the frost cap
largely precludes this mechanism.
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Challenge

Potential impact

Control

The CT beach slope
angle is often different
than that of the
tailings sand cap
beach (the CT angle
is often a little flatter,
and neither is actually
a constant slope).

Reduced volume of CT
that can be deposited
near the dyke, and
increased volume of
sand needed for

capping.

Syncrude uses tailings deposition
modelling software to guide design and
operations, avoids overfilling deposits with
CT, extends discharge points down the
beach to effectively flatten tailings sand
cap beach angles, and retains the option
for mechanical placement where sand is in
short supply.

When placing the
sand hummocks on
the trafficability cap,
there is risk of
triggering slumps
along the toe of the
hummock.

Operational delays and
the need to redesign
the hummock. Toe of
slump may block
drainage of the
intervening swales.
Such slumping is
typically an operational
rather than safety
issue.

Syncrude manages this slumping through
design and site investigation prior to
placement, but mostly through visual
monitoring of the hummock slopes during
placement. Where slumping occurs,
operations are halted. Technical and
operations staff work together to adjust the
field work to avoid excessive slumping.

Dry beaches are
prone to wind erosion
(dusting) during the
few hours of high
winds experienced
each year.

Visibility concerns,
deposition of sand onto
adjacent reclaimed
areas, decreased air
quality.

Syncrude reclaims these beaches as
quickly as practical and takes measures to
avoid sand deposition onto newly
reclaimed areas. Where practical, it
attempts to keep the beaches wet through
its tailings deposition activities.

Tailings or bitumen
springs/blisters where
lower density tailings
flow up along cracks
in the cap to deposit
on surface.

Degrades reclamation
material. Only seen
during active
operations and
reclamation activities.

Visual monitoring and repair where
needed. Additional controls being
considered.

A soft area forms near
the final outlet of CT
deposits.

Costly to mechanically
cap, and complicates
construction of the
outlet structure.

Minimizing the production and deposition
of off-spec CT, and careful operation of the
recycle dredges to minimize the volume
and area of off-spec CT remaining at the
end of final deposition. Allowance for use
of soft-ground techniques and coke
capping for the residual area.

Despite being a commercial or even mature technology, enhancements are always possible (see
challenges in Table 5-1). Syncrude continually refines its operational procedures and technology
on an informal basis to reduce costs, increase reliability, and enhance the landscape performance

of these CT deposits.

Syncrude staff monitor the performance of the CT plants, deposits, operational capping, and
reclamation performance of its CT deposits. Results from monitoring are used to adjust the day-
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to-day operations and the designs of existing and future deposits. Geotechnical monitoring
activities include:

e Process control to produce CT that is on-spec at the end of pipe.

e Routine sampling and in situ geotechnical testing of active CT deposits, and
monitoring of dredging activities to ensure the deposit is on-spec and suitable for
capping.

e Visual monitoring of deposition of trafficability caps and hummocks.

e Settlement monitoring and pore-water pressure modelling of capped CT deposits to
refine models for prediction of water-release rates and post-reclamation settlement.
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6.0 CONCLUSIONS

This report has demonstrated the following:

Syncrude has systematically brought CT production and capping through the
research, development, and commercialization phases for the past 20 years and is
now in the commercial and continuous-improvement phase. It has a mature
understanding of the processes and the required operation for successful CT

capping.

Syncrude is routinely designing, planning, constructing, testing, and reclaiming CT at
commercial scale and to date has capped over 1100 ha (11 square kilometers) of CT
successfully.

The capped deposits are trafficable for reclamation material placement and proposed
land uses. By 2020, about 50% of the sand-capped CT at Syncrude had been fully
reclaimed (which involves construction of closure topography layer, placement of
reclamation material, and revegetation).

Post-reclamation settlements are modest, occur within a few years, and can be
managed through landform design.

A formal research and development plan for CT capping is not required. However,
close monitoring and ongoing continuous improvement are recommended and are a
necessary and important element of ongoing CT capping and reclamation.
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7.0 CLOSING REMARKS

We trust the above satisfies your requirements at this time. Should you have any questions or
comments, please do not hesitate to contact us.

McKENNA GEOTECHNICAL INC.

per:
Reviewed by:

Gord McKenna, PhD, PEng, PGeol June Pollard, MSc, PGeol

Geotechnical Engineer, Landform Designer Senior Engineering Geologist

2222179 Alberta Ltd.
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APPENDIX A: Case History Summaries
Case number Location and timeframe Tailings substrate Cap and capping details Observations/notes/references lllustrative site photo
and name description
01 Syncrude Mildred Lake NST (composite tailings) Tailings sand, moist, Highly instrumented.

Syncrude NST
Field
Demonstration
U-Shaped Cell
Loading Test

Operation — 1995 NST Field
Demonstration, U-Shaped
Cell Southwest West corner
of MLSB

460,279m E 6,323,055 m N
October 1999

Pilot scale

Area = 4 x 100 m?each

80% solids

20% fines

Fully consolidated
40cm crust.

Deposit approx. 2 m thick on
plastic liner.

NST crust vane strength 20
to 30 kPa. Non-crusted NST
5 to 10 kPa peak, 2 to 4 kPa
remoulded.

mechanically placed, with
and without geofabric and
geogrid.

Bare NST supported a 2 m sand cap
with a small mud wave.

Nilex BX 1200 geogrid allowed a 3.5 m
high pile with similar sized mud wave.

Movements likely partially confined by
the plastic liner 2 m below top of NST.

Current Syncrude name for NST is
Composite Tailings (CT).

02

Syncrude NST
Underdrained

Syncrude Mildred Lake
Operation — 1995 NST Field
Demonstration,
underdrained reclamation

Underdrained NST
(composite tailings).

Cell constructed tailings

Excavator trafficability
test.

Area later simply capped

Hard, table-top like surface, hard to
penetrate with a hand spade/shovel.

Cleat marks of excavator barely visible.

NST sand foundation drained the  with a few metres of fill by e :
Reclamation ~ Cell deposit within months. operations staff to create No reports of difficulties capping.
Cell Test 460,304 m E 6,323,172m N 999, solids a laydown area. Current Syncrude name for NST is
1999 _ Composite Tailings (CT).
20% fines
Area =1 ha Unsaturated to full 2 m depth
Vane strengths of 30 to 90
kPa.
03 Syncrude Mildred Lake NST (composite tailings) Small 1 to 2 m high Able to support medium sized tracked

Syncrude NST
Field
Demonstration
U- Shaped
Cell
Mechanical
placement for
cell and fen
construction

Operation — 1995 NST Field
Demo, U-Shaped Cell.

Trial fen construction.
460,224 m E 6,323,164 m N
July 2008

Pilot scale

Area=1.5ha

82% solids

20% fines

Fully consolidated

40 to 60 cm crust
Deposit 2 to 6 m thick.
Aged 13 years.

embankments
constructed on NST to
form cells.

HDPE-lined cells
constructed using various
reclamation material
treatments to form about
two dozen pilot fen
wetlands.

excavator (CAT 322B 50T, similar to a
D6 Dozer). Half of the deposit was able
to support a loaded 40T truck, but
became mired about 200 m down the
NST beach.

20 cm cap formed a few weeks after
deposition in 1995; 40 cm within a
couple of years; 60 cm after a decade.
Site had good surface drainage but a
permanent pond in the lower half.

Current Syncrude name for NST is
Composite Tailings (CT).
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Case number

Location and timeframe

Tailings substrate

Cap and capping details

Observations/notes/references

lllustrative site photo

and name description

04 Syncrude Mildred Lake — NST (composite tailings) Hydraulic tailings sand o Some displacement of fresh NST (to

Syncrude CT outer perimeter of CT 77% to 82% solids beaching using flip spoon depth of 0 to 6 m).

Prototvpe Prototype, Cell 16 North end i on 24’ tailings line. 0 to 6 .

Hydraﬁﬁc of MLSB 15 to 20% fines m thick tailings sand cap MFT g.enersfltllon.

Sand Cap 459,063 mE 6,329,190 m N partlally consolidated Covere'd about half of the e 2m thlgk mCIIXInlg' Zor;\lesb'retween sand
1998 10 m thick deposit. cap and unaerlying .

¢ Dense tailings sand cap prone to local

Prototype scale liquefaction under equipment loads,
Area = 25 ha sand volcanoes, water upwelling.

o Excess pore-water pressures in sand
cap dissipate in about 12 hours after
equipment removed.

05 Syncrude Mildred Lake — Approx. 5 m sand cap over 7 Nominally 35 cm of peat o Note: Saturated tailings sand is often
Syncrude CT East end CT Prototype m of NST mineral mix (peat and untrafficable to large mining equipment
Prototype 459,1 11mE 6,329,347 m N Nominally 80% solids Pleistocene I.acustrln.e and behaves as soft taiIings.
1-Hectare Aug 1999 20 to 25% fines clay) spread in one lift e Even after considerable track packing
Reclamation . : earlier in the season, equipment caused
Cap Pilot scale Fully consolidated. local liquefaction, sand volcanoes,

Area =1 ha Water table about 1 m down

near top of end of beach,
near surface at bottom.

expression of pore-water.

Marginal trafficability for small
equipment (small dozers and small haul
trucks).

Pore-water caused waterlogging and
salinization of lower half of reclamation
material deposit affected the new trees
and shrubs.

Within a few years, salts had flushed,
and moisture contents decreased, and
vegetation performed well (no
intervention).

Blowing sand was an issue at this
exposed site.
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Case number

Location and timeframe

Tailings substrate

Cap and capping details

Observations/notes/references

lllustrative site photo

and name description
06 Syncrude Mildred Lake — 4 to 6 m of beached tailings  Ditching through tailings e Unable to dig more than about 1 to 2 m
Syncrude CT Periphery of CT Prototype sand over 4 to 6 m of NST sand cap. Six ditches at through tailings sand cap — tailings sand
Prototype at north end Cell 16 MLSB. (CT) random spacing as part of cap (or CT below) liquefied and raised
Sand Cap Summer 2000 80% solids dewatering trial for sand bottomtgf ditch within an hour or two of
cap. .
Ditching 458,933 m E 6,329,539 m N 20% fines P excavation
Prototype 2001 Fully consolidated » There may have also been NST
upwelling from below sand cap leading
Area =2 ha Water table near surface (0 to ditch infilling. Cracking of side slopes.
to 1 m). e Tried various strategies over the month,
including progressive lowering of water
table (pumping ditches), but to no avail.
Project abandoned.
07 Syncrude Mildred Lake — NST (composite tailings) Rapid mechanical e Minor toe bulging, local dewatering,
Syncrude CT West end of CT Prototype at  gg 15 82% solids placement of a 2 to 3 m some cracking at crest.
Prototype north end of MLSB. 15 to 20% fines lift of ;J_nsaturated tailings Borrow material was subexcavated from
Mechanical 458,321 m E 6,328,861 m N Fully consolidated sand fill. nearby channel.
Sand Cap May 2000 No geogrid. e Keyano College heavy equipment
20cm crust.
Area = Approx. 2 ha operator students conducted work
without incident.
08 Syncrude Mildred Lake — 4 m of tailings sand cap over Reclamation material e Previously tested for summer
Syncrude CT Periphery of CT Prototype 6 to 8 m of NST placement. trafficability with loaded 100T haul truck.
Prototype atnorth end Cell 16 MLSB. g0, solids e No deformations under 100T haul trucks
Winter 458,812 mE 6,329,475 m N 509 fines and Cat D6 dozers and none expected
Placement of
oot O 2001 Fully consolidated. due to .presence of fr?st cap.
Materialon ~ Area=10ha About 1 to 1.5 m of frost in * Area since capped with Kc (new W4
Sand Cap sand cap. Dump).
09 Syncrude Mildred Lake — NST (CT) 3 m thick mechanically e Some bow wave deformations.
Syncrude CT K)A[géototype (northend of 78t 84% solids placed KC overburden « Some fracture and flow of tailings up
Prototype ) 14 to 20% fines cap. _ through cap during placement of first lift.
W4 Dump 458,653 m E 6,328 987 m N s, = 5 to 15 kPa 1.5 m thick NST frost cap.
construction Prototype scale

Q1 2014
Area =50 ha

NST approx. 10 m deep,
some already sand capped.

Page A-3



Syncrude’s Experience with Capping and Trafficking Composite Tailings

August 28, 2020

Case number

Location and timeframe

Tailings substrate

Cap and capping details

Observations/notes/references

lllustrative site photo

and name description
10 Syncrude Mildred Lake — Layered NST (CT) and e Constructed with system of contained
Syncrude East East InPit (EIP) 318 Closure  tailings sand Hydraulic sand capping. beaching then cell construction.
In-Pit Divide 77 to 81% solids Open end cell e No issues capping NST area, but soft
318 Closure 464,697 m E 6,321,609 mN o0 {0 40 fines construction to construct NST/MFT area at centre triggered 370m
Divide 2007 to 2009 — 41010 kP trafficable base. Push up long translational failure with sand boils

Commercial scale Su=4alo a cell construction side and and NST liquefaction.

Area = 32.5 ha (SKATE_GI_ igeoatzc?ll;?)andy r glizlzgikeells and pour as e NST strength c/p’ = 0.05 from back

' ' analysis, (c, = 6 kPa), matches CPT
data.

o 0.4 m of settlement. Piezometers
indicate nearly fully consolidated (rapid
consolidation).

11 Syncrude Mildred Lake — NST (composite tailings) o Closely investigated and monitored.

Syncrude East
In-Pit
Southeast

Pond Junior
(SEP Jr)

East In-Pit (SEP Jr)
464,014 m E 6,320,367 m N
2008

Prototype scale

Area = 17 ha (hummocks),

Area = 110 ha total
(including beaches)

Nominally 80% solids, 20%
fines.

Hydraulically placed
tailings sand cap (open
ended cell construction).

Integrated with
hydraulically placed sand
beach. 8 m high
hummocks.

e Successful placement of hummocks on
consolidated composite tailings using
beaching and open cell construction.

e Open end cell construction to construct
trafficable base. Push up cell
construction side and back dykes and
pour as closed cell.

¢ One rotational slope failure in beach,
resolved by waiting and then stepping in
with next lift for a flatter slope. NST
strength 10 kPa by back analysis. c/p’ =
0.05 from back analysis.

e Final result from CPT — 8 m of sand
over 4 m of NST. Water table near base

of hummock. 0.2 m settlement recorded.

12

Syncrude East
In-Pit

Sandhill Fen
Watershed
Hydraulic
Beach
Construction

Syncrude Mildred Lake —
East InPit

464,039 m E 6,321,897 m N

2008
Commercial scale
Area =70 ha

NST (composite tailings)
interlayered with tailings
sand.

NST nominally 80% solids,
20% fines.

Hydraulically beached
tailings sand (open pipe
discharge).

e 10 to 13 m thick sand cap.

o Fair cap trafficability to small equipment
where saturated. Poor trafficability
where standing water.

e Good cap trafficability in winter (>1 m
frost).

e Heaving / flow of sand up through
trench cut through frost during
ploughing in underdrains.
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Case number
and name

Location and timeframe

Tailings substrate
description

Cap and capping details

Observations/notes/references

lllustrative site photo

13

Syncrude East
In-Pit

Syncrude Mildred Lake —
East In-pit (EIP)

464,020 m E 6,321,935 m N

10 to 13 m thick saturated
tailings sand beach cap over
interbedded tailings sand
and NST.

7 hummocks, each 4 to
8m high.

Mechanically placed
tailings sand — 40T trucks

Placed mostly in winter.

Only minor deformations of wet sand
seen in one face of one hummock.

Sandhill Fen 2009-2011

Watershed Prototype scale gnd sm_all dozers, placed

Mechanical in 1 m lifts.

hummock Area = 50 ha

construction

14 Syncrude Mildred Lake — 10 to 13 m thick saturated Clay layer 0.5 m o Trafficability for winter reclamation

Syncrude East
In-Pit

Sandhill Fen
Watershed
Winter
reclamation
material
placement

East In-Pit (EIP)
464020m E 6321935 m N
2012

Prototype scale

Area = 50 ha

tailings sand beach cap over
interbedded tailings sand
and NST.

Hummock and swale
topography (closure
topography layer)
constructed in 2012.

Peat mineral mix 0.5 m

Mechanically placed with
40T trucks, a D6 dozer
and excavators

placement was adequate for smaller
equipment where there was greater
than 1m of frost.

e The capping methodologies used could
support the placement of reclamation
material. No major deformations.

e The performance likely benefited from
the very thick sand cap.
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Case number

Location and timeframe

Tailings substrate

Cap and capping details

Observations/notes/references

lllustrative site photo

and name description
15 Syncrude Mildred Lake — Layered NST (CT) and Hydraulically placed ¢ 0to 10 m thick cap.
Syncrude East northeast corner of East In-  tailings sand tailings sand cap beached

In-Pit
Kingfisher
Watershed
Hydraulic
sand capping

Pit

464,685 mE 6,322,251 m N
2012

Prototype scale

Area = 50 ha

77 to 81% solids
20 to 40% fines
su =4 to 10 kPa

Some areas of sandy MFT
(“MFT Snothole”)

from perimeter. 24in dia
line.

Sandy MFT likely partially displaced.

16

Syncrude East
In-Pit
Kingfisher
Watershed
Mechanical
sand capping

Syncrude Mildred Lake —
NE corner of East Inpit

465,232 mE 6,321,717 m N
2014 to 2016

Prototype scale

Area = 54 ha

Layered NST (CT) and
tailings sand

65 to 80% solids
6 to 26% fines
su = 10 to 20 kPa

Some areas previously
hydraulically sand capped.

3 m mechanically placed
tailings sand cap.

Minor bow wave formation. Dewatering
of underlying tailings apparent.

17

Syncrude East
In-Pit
Syncrude EIP
Hydraulic
sand capping

Syncrude Mildred Lake—
East In-pit (EIP)

465,100 E; 6,320,980 N
2008 to present
Commercial scale

Area =500 ha

NST (composite tailings)
interlayered with tailings
sand.

NST nominally 80% solids,
20% fines.

Hydraulically placed sand
cap and hummocks.

Cap placed in a clockwise
horseshoe from east to
the south and then west.

Deposit characterisation important for
capping.
o CT segregation/displacement occurred

from earlier construction of other
structures and watersheds on EIP.

o Commercial capping successful.
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Case number Location and timeframe Tailings substrate Cap and capping details Observations/notes/references lllustrative site photo
and name description
18 Syncrude Mildred Lake — NST (CT) 13 m thick hydraulic e Successful.
Syncrude north end of South West In- 75 5 80% solids beach tailings and cap.
Southwest In- Pt 14 to 26% fines
it (SWIP 459,712 mE 6,319,324 m N

pit (SWIP) m MY s =7t010kPa
North Filter 2012 to 2014
(BSe\;VnI]PCJT) Commercial scale

r

Area = 32 ha

19 Syncrude Aurora North Ongoing active deposition No capped deposit
Syncrude 2014 to present
Aurora North
Syncrude
Aurora East
Pit South
(AEPS) CT
Notes

All locations UTM Zone 12 V and based on representative location on Google Earth.
Some observations / noted copied directly from COSIA capping workshop database and PowerPoint presentations.

Definitions

Fines defined as percentage dry mass passing 44-micron wet sieve. Solids content defined as mass of mineral solids to total mass of slurry.
(In the table above, some solids contents may be the result of oven drying and may include bitumen in with the mass of mineral solids).

Soft tailings can include petroleum coke and saturated tailings sand beaches.

S. is peak undrained strength measured by either the vane or estimated from cone penetration tests (CPT) using an Ngr factor.

NST is non-segregating tailings aka CT, composite tailings, consolidated tailings — a mixture of sand and fines with a coagulant (typically gypsum).
TT is thickened tailings.

MFT is mature fine tailings, often also known as FFT fluid fine tailings.

Page A-7



Syncrude’s Experience with Capping and Trafficking Composite Tailings August 28, 2020

Appendix B-5 Aurora East Pit South (AEPS)

2004-06-21 2007-05-09 2010-09-22

2015-09-09 2017-07-05 2020-04-22
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APPENDIX B: Satellite imagery of Case Histories
¢ Appendix B-1 NST Field Demonstration
e Appendix B-2 CT Prototype

e Appendix B-3 East In-Pit (EIP)

Appendix B-4 Southwest In-Pit (SWIP)

Appendix B-5 Aurora East Pit South (AEPS)

These are selected images from Google Earth downloaded in March 2020. They show the progression of various sites through time.

The image dates are copied from Google Earth, but the reader is cautioned they may not be exact. Note that Suncor Pond 5 is shown in the Appendix B-3 images.

Appendix B-1 NST Field Demonstration

2006-06-24

2014-09-13

2008-09-30

2016-09-11

2010-07-21

2020-04-15
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Appendix B-2 CT Prototype

2006-06-24 2011-08-04 2014-08-11

2015-07-26 2016-09-11 2019-06-19
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Appendix B-3 East In-Pit (EIP)

2006-06-24 2008-09-30 2011-08-04

2012-09-21 2018-10-24 2019-10-10
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Appendix B-4 Southwest In-Pit (SWIP)

2006-06-24

2012-09-21

2016-09-11

2009-08-31

2013-08-19

2018-08-07

2012-09-05

2014-09-13

2020-04-15
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APPENDIX C: Technology Readiness Levels

Table C-1. Description of technology readiness levels

§ Oil sands adaptation,
= NASA (2017) description typical dimensions lllustration
TRL Basic principles observed and Concept or idea
reported. Basic scientific research described in a
1 that can be turned into an paragraph.
application or a concept under a
research and development program
is considered. Examples might
include paper studies of a
technology's basic properties.
TRL Technology concept or application Paper study, literature
formulated. An idea is proposed for review, technology
2 the practical application of current assessment, perhaps index
research, but there are no tests.
experimental proofs or studies to
support the idea. Examples are
limited to analytic studies.
TRL Concept or application proven Lab bench scale.
g through analysis and Progress report.
3 o experimentation. Active
&’ research and development V'=0.01m? (10L)
begin, including analytical A=1m2
laboratory-based studies to
validate the initial idea, providing D=02m
an initial "proof of concept."
TRL Basic prototype validated in Lab pilot scale (batch or
laboratory environment. Examples continuous).
4 of the proposed technology are built
and put together for testing to offer R&D report.
an initial vote of confidence for V=5m3
continued development.
A=10m?
D=3m
TRL Basic prototype validated in relevant ~ Small field pilot with highly
5 environment. More realistic versions  controlled conditions over
of the proposed technology are hours or a few days. R&D
tested in real-world or near real-world  report.
conditions, which includes initial
integration at some level with other V=500 m?
operational systems. A=0.1ha
D=3m
TRL System or subsystem model or Large field pilot with
t prototype demonstrated in a relevant several variables run over
6 qé environment. A near-final version of weeks or months. R&D
§' the technology in which additional report.
2 design changes are likely is tested in
a real-life conditions. V=10tm?
A=2ha
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[+"]
Z Oil sands adaptation,
= NASA (2017) description typical dimensions lllustration
D=5m
TRL System prototype demonstrated in a Field prototype run at
relevant environment. The final commercial scale and rates
7 prototype of the technology that is under favourable
as close to the operational version conditions.
as possible at this stage is tested in
» V=108 m?
real-world conditions
A =50 ha
D=10m
TRL Actual system completed and In commercial use at one
qualified for flight through test site, significant
8 and demonstration. The improvements still likely.
technology is thoroughly tested,
gy . gnly V = 108 md
and no further major
development of the technology is A =500 ha
_ required. Its operation as
-g intended is demonstrated without D=50m
o significant design problems.
GE, 9 onp One order of magnitude
g smaller than oil sands or with
© more favourable conditions
or materials
TRL Actual system proven through Mature commercial
successful operation. The technology used at multiple
9 final operational version of the sites. Continuous
technology is thoroughly improvement phase.
demonstrated through normal
o ; ; ; V =10°m?3
S operations, with only minor
® problems needing to be fixed. A = 5000 ha
£
© -
S D=50m
)
E Scoring for other
o
o International ops: Used at

similar scale to oil sands
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Figure 2-1

Figure 2-2

Figure 2-3

Figure 2-4

Figure 2-5

Figure 2-6

Representative spatial scales (see also Table 2-1) in a hypothetical capped CT deposit (i.e.
landform-scale/deposit-scale) containing hummocks (landform elements) with an outlet

at the right side of the diagram. Scaled arrows indicate how a far greater volume of water
migrates through the trafficability cap and closure topography layer than underlying
CT/coarse tailings. Note that upwelling of tailings water due to consolidation is not
CONSIAEIEA TN TS WOTK. coeeueeeerceereceieceieeieeectiee et ettt ess s ess et bbb 6

Fundamental hydrologic landscape unit (FHLU) of a scale-less upland-lowland unit.

Adapted from Winter (2001). Note that the shape illustrated is arbitrary. Shading

represents the lowland within the FHLU. Note that water can flow in either direction (i.e.

from upland to lowland or lowland to upland), depending on the spatial scale of the FHLU
AN NYArOIOGIC PrOPEITIES. ...ttt ss s sss bbb ss e 7

Nesting relationships between fundamental hydrological landscape units within a
hypothetical landform (e.g. capped CT deposit). Adapted from Winter (2001). Shading
represents the lowlands within the FHLUs. OO OO OO OO OO PR P OO OTOT 7

Schematic defining water balance at any scale of the reclaimed landscape (from Devito et

al. [2012]). AS indicates the amount of water storage, P is precipitation, ET is
evapotranspiration, R is runoff (inflows or outflows), and GW is groundwater (inflows or
OUETIOWS) ettt sttt st s s st e bbb s sssssassassassassas 8

Long-term, typical intra-annual trends in precipitation (P) and potential
evapotranspiration (PET) for the Athabasca Oil Sands Region. Note that a seasonal water
deficit is the norm and that units are millimetres (mm). From Devito et al. (2012). ....cccoovuueun.... 9

a) Inter-annual trend in precipitation (P) and the associated magnitude of the water

surplus (green) or deficit (red) for a given year indicated by the solid line and coloured
shading. In top panel, the 30-year climate normals for precipitation and potential
evapotranspiration (PET) are shown as dashed lines. In the lower panel, the same data is
expressed as a cumulative departure from long-term mean (CDYrM) precipitation,

showing how multi-year water deficits and surpluses occur over time as a function of
inter-annual precipitation patterns. From Devito et al. (2012). ...cooeveoneennecennecrnnecrnneeeineeesseeens 10
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Figure 3-2

Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 5-1
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Conceptualized groundwater flow associated with constructed hummocks and potential
water table configurations under contrasting hydrogeologic regimes for a) topography-
controlled and b) recharge-controlled. Recharge-controlled describes how the shape of

the water table is determined solely by the magnitude of recharge, all other factors being
equal. Shading represents the lowlands. Adapted from Haitjema and Mitchell-Bruker
(2005)...ccvvermcerrirmeermiameseriiesnesessesmestesismesssssensessssesesessessessssisnesessessessssesnessssissesssssesses ittt ereenees 14

The different zones of hummock (crest, midslope, toe) identified for a) convex versus b)
concave slopes with three potential water table configurations shown as dashed lines.
Precipitation (P), evapotranspiration (ET), and recharge (R) are denoted with arrows, along
with their conceptualized spatial variation on each slope. Note that evapotranspiration

(ET) is conceptualized to increase in regions where upflux (U) occurs (i.e. negative net
FECNAIGE). coreeeeeee ettt as s s s e o888 R8s 17

Hummocks, hummock analogues, and other features in SFW and the associated soil,
groundwater, and meteorological monitoring networks. Coloured shading denotes
topography. Note that hummock numbering is not sequential due to deviations from
planned construction due to limited material availability. Adapted from Lukenbach et al.
(20T9) e csese e sses st sss s ss sttt E st 21

Depth to water table during moderate, lower, and higher water table periods in SFW; time
series plots show transducer traces for two locations (indicated by stars on map), with

shaded windows on the graphs indicating the time period for which the snapshot of the
spatial water table configuration is shown. Percentages in colour bars indicate the percent
area occupied by a given water table depth INterval. ... 23

Southwest Sand Storage Facility (SWSS) cross-sections showing instrumented transects
through the dyke at Cell 32 (cross-section A) and Cell 46 (cross-section B) of the dyke. The
water table is indicated by the solid black lines and inverted triangle, with the dashed line
indicating where the water table’s configuration is interpreted. Groundwater flow paths

are indicated with black arrows. (Adapted from Price, 2005.) .....cooconreermreenmeeermeerneeneeeseeeseeesseeesseesnnes 28

a) Pit-scale simulations adapted from Schwartz and Crowe (1987), with water table
configurations shown for different combinations of recharge, spoil hydraulic conductivity,
and the hydraulic conductivity of the surrounding geologic medium. b) Same factors were
varied as in a) but with a different lowland configuration. ... 31

Hummock-scale simulations adapted from Schwartz and Crowe (1987), with water table
configurations (black lines with inverted triangles) shown for different recharge (R) and
hydraulic conductivity (K) combinations (solid versus dashed black lines) and as a function

of different hummock lengths (L). Maximum hummock height (d) was constant for the

shown set of simulations and the aquifer thickness (H) underlying the hummock was
assumed to be 10 m, while the estimated maximum rise in the water table at the centre of
each hummock (Ah) is related to d as a ratio (Ah/d). Ah/d calculated assuming an aquifer
shape factor (C) of 8. For further details on dimensionless ratios and variables, see Section

3.1 ANA TADIE 3T ottt a st s s a s ase s s sansanen 33

Schematic showing how the different analytical models and variables represent the
hydrogeological processes and characteristics of hUMMOCKS. ... 37

Hummock Technology Learnings to Support Water Management on Reclaimed Landforms Advisian vi
Rev. 0 : 0B207031-00039-20000-WW-REP-0001



Advisian IEEEI

Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

Figure 5-7

Figure 5-8

Svecrude

Securing Canada’s Energy Future

a) Sensitivity of parameters (Ah/d, i) describing the water table (WT) configuration to the
recharge over hydraulic conductivity ratio (i.e. R/K, log10 scale x-axis). The black (red)
curve corresponds with the black (red), left (right) y-axis. Ah/d= 1 (i.e. WT at crest of
hummock) and Ah/d= 0.5 (i.e. WT 2 m below crest of hummock) are denoted with a black
and blue dashed line, respectively. Gray shading indicates unlikely R/K ratio ranges. Black
points on panel a correspond to WT configurations (coloured lines) associated with
specific R/K values (exact values shown in coloured text) in panel b. In b), the gray line
denotes the hummock topographic profile, with two differing hummock toe slopes (s):
concave slope (left, lower s), convex slope (right, higher s). WT gradient (i) >s for concave
slope, and i < s for convex slope. Propensity of local-scale groundwater (GW) flow
systems to develop indicated by vertical, black arrow. See Section 3 and 5.1 for further
details and CONCEPLUAI OVEIVIEW. ...ttt ettt 45

Sensitivity analysis of Ah/d and i to hummock dimensions (represented by different

panels) and R/K values. Hummock length (L) increases from left to right across the

diagram, while hummock height (d) decreases from top to bottom. The light gray,

diagonal arrow indicates the decreasing trend of L/d across the panels. Select black and

red points, corresponding to Ah/d and i, respectively, indicate the position actual

constructed hummocks (two from SFW, and the 318 Closure Divide in EIP). Layout as in
FIQUIE 5-2@ (SEE @DOVE)....coieerieeieecieeiecie ettt eesse et s s ettt 47

Sensitivity analysis of Ahd and i to aquifer thickness (H; represented by different panels)

and R/K values. Aquifer thickness (H) decreases from left to right across the diagram,

while hummock height (d) decreases from top to bottom. The light gray, diagonal arrow
indicates the decreasing trend of L/H across the panels. Layout as in Figure 5-2a (see

ADOVE). ..ttt ettt ettt ettt s et s senaseas 49

Map of EIP with modelled transects. Transects A, B, and C correspond to the Kingfisher
Terrace Hummock, the Finger Hummock, and the East-side Terrace Hummock,

respectively. The locations of Sandhill Fen Watershed (SFW), Kingfisher Watershed (KFW),
and the 318 Closure Divide are also denOted. ... esssesesssessssssesens 51

Modelled water tables for three constructed hummocks in EIP. Black lines represent the
topographic profiles of the hummock transects shown in Figure 5-5. The coloured lines
indicate potential water table configurations as a function of R/K values...........cccccouvvemrrrenrrrn. 53

Transient scenario tests for the Kingfisher Terrace Hummock. Initial steady-state water

tables are indicated by solid lines, while the dashed lines represent different maximum

water tables for different Sy values following the addition of 100 mm of precipitation over

2 AYS. ettt sttt SRR A Rt 55

Transient scenario tests for the Kingfisher Terrace Hummock for a 100 mm precipitation
event over 2 days, showing the rise (Day 0 to Day 2) and fall (50 days, 100 days, 300 days,
and 500 days) of the water table (coloured lines). Initial steady-state water table is

INAICATEA At DAY D...ooveeerreiercriinceiineeeiseceiiee i esee st ssesesesesesesesesesesesesessssisessissesssses ettt sbessesens 56
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Appendix

Appendix 1 Detailed Description of Analytical Models, Assumptions, and Calibration
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Executive Summary

Hummock technology describes how Syncrude incorporates topographical relief on capped and reclaimed
Composite Tailings (CT) deposits. Over the last two decades, Syncrude has developed and advanced
hummock technology through numerous applied research programs. These efforts demonstrate that
Syncrude has a thorough understanding of how to design and construct hummocks to meet targeted
hydrologic functions on capped and reclaimed CT deposits, which is directly applicable to future
reclamation at Aurora North Mine. Where uncertainties remain, Syncrude is committed to the continuous
improvement of hummock technology through its adaptive management framework.

Hummocks are essential components of the closure topography layer on CT deposits because they
provide important hydrological, operational, and ecological functions. This synthesis details the current
state of hummock technology with respect to hydrologic functions. Parallel reports that are part of this
regulatory submission provide further information on the physical and ecological functions. Hummock
hydrologic functions can be considered those related to water quantity, water quality, or landform
drainage, all of which are indicative of hummock performance. These hydrologic functions reflect how
hummocks are central in addressing water management challenges associated with the sub-humid climate
of the region and the saline-sodic composition of water in capped CT deposits.

Syncrude’s progress in developing hummock technology is demonstrated by several case studies.
Extensive research and monitoring of constructed hummocks at Sandhill Fen Watershed, the first
reclaimed watershed on a capped CT deposit, exemplifies Syncrude’s ability to construct hummocks that
meet targeted performance. Syncrude also has incorporated learnings from hummock analogues
elsewhere on its leases as well as from relevant literature sources to advance its understanding of
hummock technology. Syncrude’s operational experience and learnings can be readily applied when
constructing hummocks on capped and reclaimed CT deposits on Syncrude leases in the future.

Syncrude’s learnings are the basis for a comprehensive conceptual understanding of how hummocks
influence water quantity and quality on capped and reclaimed CT deposits. The conceptual understanding
is further supported by developed analytical models that investigate the relative influence of primary
factors controlling hummock hydrologic functions. Analytical models also allow Syncrude to determine
suitable hummock designs for a wide range of reclamation scenarios. Overall, completed and ongoing
studies demonstrate that a separate CT capping and research plan for Aurora North Mine is not needed.
Instead, Syncrude can apply learnings from past and ongoing work from the Mildred Lake Lease when
capping and reclaiming CT deposits in the future.

Hummock Technology Learnings to Support Water Management on Reclaimed Landforms Advisian ix
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1 Introduction

Syncrude Canada Ltd. (Syncrude) retained Worley Canada Services Ltd. (Worley), operating as Advisian, to
complete the synthesis: "Hummock technology learnings to water management on reclaimed landforms.”
(the “Synthesis”). Advisian has partnered with BGC Engineering Inc. (BGC), McMaster University, and the
University of Alberta to complete this scope of work. The Synthesis is part of Syncrude’s Oil Sands
Conservation Act (OSCA) Approval No.10781L, Clause 22 for Aurora North Mine, specifically addressing a
request by the Alberta Energy Regulator (AER) to provide a Composite Tailings (CT) Capping Research
Plan. Given that CT deposits at Aurora North Mine will not be capped until 2030, Syncrude is leveraging
existing knowledge from over 20 years of development, research, and operational experience on reclaimed
CT deposits at Mildred Lake Mine to inform the design and construction of future reclaimed CT deposits at
Aurora North Mine and Mildred Lake Mine. Syncrude contends that the capping of CT deposits is already a
commercial technology and part of routine planning and operations. In support of this assertion, Syncrude
has compiled three reports:

e Hummock technology learnings to support water management on reclaimed landforms (this report);
e Operational learnings for capping CT (soft) deposits for trafficability; and

e Sandhill Fen Watershed learnings of a reclaimed wetland on a CT deposit.

Hummock technology describes Syncrude’s approach to incorporating topographical relief in
reconstructed, capped, and reclaimed CT deposits. The objectives of the Synthesis were to:

e Compile and document the current understanding of hummock technology and hummock
performance on capped and reclaimed CT deposits with respect to hydrologic functions; and

e Synthesize and advance the understanding of how hummocks constructed on CT deposits can be
designed to achieve performance objectives related to water quantity and quality.

Numerous applied research programs have contributed to Syncrude’s understanding of hummock
technology. These efforts are detailed in the Synthesis and demonstrate that Syncrude has a thorough
understanding of how to design and construct hummocks to meet targeted hydrologic functions on
capped and reclaimed CT deposits, which is directly applicable to future reclaimed CT deposits at Aurora
North Mine.

1.1 Scope of Work

The following is an overview of the scope of work adapted from the Advisian proposal dated
November 22", 2019:

e Document performance of constructed hummocks to date primarily at Syncrude sites with respect to
performance metrics (e.g. minimum 2 metre [m] water table separation);

e Summarize and document any additional analyses and modelling completed as part of this project;

e Provide a prioritized list of key controls and the influence of hummocks on water quantity and quality,
based on existing literature, water balance analyses, and modelling completed herein;

e Provide presentations/updates to Syncrude during execution of the project; and
e Complete a regulatory report documenting the methods and results of this project.

Hummock Technology Learnings to Support Water Management on Reclaimed Landforms Advisian 1
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In documenting hummock performance and assessing the underlying mechanisms controlling how
hummocks influence water quality and quantity on capped and reclaimed CT deposits, the following
methods were employed:

e Literature reviews (peer-reviewed literature and internal reports);
e Supplementary analyses (e.g. newly synthesized data; visualizations); and

e Modelling (both conceptual and analytical).

The findings and interpretations detailed in this scope of this work are limited to constructed hummocks
on capped and reclaimed CT deposits. Constructed hummocks are likely to be components of other
reclaimed landforms; however, they are not considered herein.

1.2 Report Outline

Section 1 (this section) and Section 2 provide background information and context about how hummock
technology addresses the challenges associated with managing water on capped and reclaimed CT
deposits. Section 3 details Syncrude’s conceptual understanding (model) of how hummock technology
supports hydrologic functions on capped and reclaimed CT deposits. Section 4 details case studies
contributing to the understanding of hummock technology. Section 5 details the analytical models that
have been developed based on learnings to date, which clarify the relative influence of key controls on
water quantity/quality and can be applied to future hummock designs. Uncertainties and Syncrude’s
ongoing efforts to address them are outlined in Section 6, while Section 7 provides conclusions.

Hummock Technology Learnings to Support Water Management on Reclaimed Landforms Advisian 2
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2 Hummock Technology Background

2.1 Hummock Technology and Functions

Hummock technology describes Syncrude’s approach for incorporating topographical relief in
reconstructed, capped, and reclaimed CT deposits to achieve similar landscape services as found in natural
boreal forest environments. Hummocks were historically constructed as elevated areas serving as
trafficable surfaces when capping soft CT deposits during reclamation, and to support the growth of
upland vegetation, most commonly in the form of forestlands. However, it is now understood that, in
addition to creating trafficable surfaces and supporting upland vegetation growth, hummaocks also provide
important hydrological, hydrogeological, and pedological services related to managing water and solute
migration on reclaimed CT deposits. Proper management of water and solute migration is critical when
reconstructing landscapes comprised of CT because these deposits — and the materials generally used to
cap them — have elevated salinity concentrations associated with bitumen processing and the marine
nature of the oil sands deposit (Johnson and Miyanishi 2008). Landscape reconstruction practices,
including the application of hummock technology, should minimize the influence of solutes on reclaimed
environments as well as provide adequate water supply and quality to down-gradient hydrological
systems, which have long-term implications for mitigating hazards and achieving reclamation targets.

Currently, hummock functions have been categorized as those relating to: 1) water (i.e. quantity, control,
and quality), 2) ecology (i.e. soils, vegetation, rooting zones, wildlife), or 3) operations (i.e. trafficability,
material storage, and maintenance), with water and operations functions taking precedence for Syncrude,
particularly during landscape reconstruction. This synthesis focuses on hydrologic functions, with parallel
reports detailing the physical and ecological functions (McKenna Geotechnical 2020; Syncrude 2020).

Three primary hydrological functions of constructed hummocks have been identified:

1. Water quantity function — to manage water quantity by partitioning precipitation between
evapotranspiration, soil storage, net recharge to the water table, and overland flow, or to manage
consolidation water.

2. Water quality function — to influence water quality by flushing process-affected waters from tailings
sand, to manage the water table location to allow upland, riparian, and wetland ecosystems to flourish,
or to control salinity and toxicity to receiving systems.

3. Landform drainage — to direct water into a landform-scale drainage system to support downstream
wetlands and end pit lakes, manage settlement, or to avoid ponding of waters near dyke crests, which
would preclude dyke de-licensing.

Managing hydrologic functions following oil sands mining is challenging because the sub-humid climate
of the region limits water availability (Devito et al.,, 2012), which also increases the complexity of capping
and reclaiming saline-sodic CT deposits. Recent work has demonstrated that meeting hydrological
functions in capped and reclaimed CT deposits generally requires the construction of hummocks to
manage groundwater/surface water quantity and quality; however, there may be select locations on
Syncrude’s leases where hummocks may not be needed. Hummock technology is effective for meeting
hydrological functions because it can control the movement of water through the landscape (i.e. landform
drainage function in Life of Mine Closure Plan; Syncrude 2016). Furthermore, constructed hummocks are
effective at controlling the position of the water table and increasing separation between the land surface
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and the saturated zone, thereby facilitating solute flushing and minimizing the impact of tailings water on
the rooting zone (i.e. water table control function in the Life of Mine Closure Plan; Syncrude 2016). Such
hummock function is critical to ensuring that water quantity and quality are adequate for receiving water
bodies (e.g. pit lakes) or eventual off-lease releases, thereby minimizing potential risks at closure.

Recent research, studies, and assessments have advanced the understanding of how to best construct
hummocks to meet performance objectives and hydrologic functions. This body of work was initiated in
the mid to late 2000s, and key questions included:

e What is the appropriate size (i.e. length, width, height), form (e.g. slope, shape) and configuration of
constructed hummocks to meet hydrologic functions?

e How should hummock size and form account for a hummock’s position within a larger CT deposit and
under the influence of the sub-humid climate of the oil sands region?

e Given that hummock composition (e.g. lithology, permeability) is relatively fixed for a particular
capped CT deposit, how can hummock size, shape, and configuration be optimized to meet hydrologic
functions?

e What is the influence of the coversoil on hummock performance?

Much progress has been made in addressing these questions and this report documents the scientific
basis that comprises the current understanding of these aspects of hummock technology.

During the last two decades, Syncrude has constructed and studied hummocks on its Mildred Lake Mine
lease. To date, the most common material used to construct hummocks is tailings sand, although other
construction materials may be employed. Tailings sand hummocks are generally constructed by hydraulic
placement or cell construction, although mechanical construction is sometimes employed. Hummock
geometry may also be augmented by mechanical or hydraulic excavation. Three classes of hummock,
distinguished by their geometry, are generally constructed on Syncrude’s leases: 1) finger hummocks, 2)
mounded hummocks, and 3) terraced hummocks, with intermediate forms occurring between these
end-members. The performance of each hummock type is considered and analysed in Section 5 of this
report.

2.2 Hummocks as Units of Reclaimed Landscapes

Hummocks are practical for landscape reconstruction and reclamation because of their scalability;
hummocks may be down-sized or up-sized depending on their role in the post-mining landscape or other
considerations. Reconstructed hummocks are landform elements typically built at the macro-topographic
scale (see Table 2-1 for scale definitions, and Figure 2-1). In practical terms, constructed hummocks are
typically on the order of hundreds of metres long and wide, and two to ten metres high. Larger hummocks
often originate as features that are part of mining operations (e.g. berms, dykes, dams) prior to becoming
components of the reclamation environment. Comparatively, smaller hummocks may be constructed
solely for meeting reclamation targets.

Less commonly, hummocks may be constructed as meso-topographic and micro-topographic features in
the reclaimed landscape. Such hummocks may be constructed to increase habitat diversity and meet other
ecological functions. However, it is generally not practical to target the design towards meso- and
microtopographic features (i.e. length scales < 10 m) during reclamation. Rather, there is a generalized
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acceptance that heterogeneity at the meso- or microtopographic scale, in the form of small-scale
roughness or undulations, should either be targeted or not during reclamation, depending on the desired
role of a specific landform or landform element.

Table 2-1 Defined Scales for Reconstructed Landscapes (Pollard and McKenna 2018)

Representative Description Example

Length Unit
(km)

Area with similar hydrological, Athabasca Oil Sands
geological, and ecological Region
characteristics

10 km Oil sands lease-scale Mildred Lake Mine
1 km A single feature of the reclaimed Tailings drainage
landscape; deposit-scale basin, CT deposit,
overburden dump
Macro-topography 0.10 km Localized feature within a Hummocks, dykes,
landform; may be constructed berms, lowlands,
with mining equipment swales
Meso-topography 0.01 km Noticeable patterns Hummock-lowland
superimposed on macro- interfaces
topographic features
Micro-topography 0.001 km Small-scale undulations; affects Pits, roughness of
your footing hummocks

Hummocks are part of the capping process on CT deposits. To facilitate the construction of landform
elements (such as hummocks) during reclamation, it is necessary to create a trafficable surface (i.e.
trafficability cap) by capping CT with tailings sand or another pervious material (McKenna

Geotechnical 2020). The trafficability cap is generally 2 to 5 m thick (McKenna Geotechnical 2020).
Hummocks are a component of the closure topography layer constructed on top of the trafficability cap
(McKenna Geotechnical, 2020). Because CT generally has a sands-to-fine ratio between 5:1 and 3:1, the
permeability of CT and/or the combination of CT with coarser tailings is generally understood to be lower
than the overlying trafficability cap and closure topography layer (Thompson et al. 2011). As a result, the
current understanding is that the trafficability cap and landform elements that are part of the closure
topography layer (e.g. hummocks) predominantly influence water and solute movement on reclaimed CT
deposits (Figure 2-1, Twerdy 2019).
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Figure 2-1 Representative spatial scales (see also Table 2-1) in a hypothetical capped CT deposit (i.e. landform-
scale/deposit-scale) containing hummocks (landform elements) with an outlet at the right side of the
diagram. Scaled arrows indicate how a far greater volume of water migrates through the trafficability cap
and closure topography layer than underlying CT/coarse tailings. Note that upwelling of tailings water due
to consolidation is not considered in this work.

Hummocks are constructed at a range of scales and their corresponding hydrological function/role varies
as a function of their size and location relative to the other characteristics of the reconstructed landform.
Hummocks are part of the mosaic of constructed features that comprise the closure topography layer on
reclaimed CT deposits; therefore, their performance and function are inherently linked to the hydrology
and hydrogeology of the overall landform that they are constructed upon (i.e. deposit-scale). Hummocks
constructed on CT deposits are units nested within larger tailings drainage basins (Figure 2-1). As such, the
deposit-scale characteristics, including permeability, slope, and prescribed outlet locations/elevations,
relative to the size of a constructed hummock affect and constrain the possible functions of constructed
hummocks.

A useful framework for conceptualizing how hummocks and landform elements influence water flow,
landform drainage, water tables, and associated solute migration in reclaimed landscapes is that proposed
by Winter (2001). In this framework, the fundamental hydrologic landscape unit (FHLU) is a scale-less
upland transitioning to a lowland (see Figure 2-2), with the potential for upland-lowland transition areas to
be nested within one another (Figure 2-3). At the scale of an entire oil sands mine lease, uplands could be
elevated overburden dumps or out-of-pit tailings deposits, which transition into low-lying areas adjacent
to in-pit lakes. Nested within these larger-scale FHLU deposits are hummocks, which comprise a FHLU with
their adjacent lowland. Lowlands adjacent to hummocks are often referred to as swales, which act as
shallow, trough-like channels designed to convey surface water during wet periods, as well as potentially
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provide locations for groundwater discharge and wetland development. Hummocks and swales are
complementary landform elements, comprising a FHLU, and their hydrological functions must be
considered together. Conceptualizing constructed hummocks and the overall capped CT deposit as nested
scales of flow and water movement is essential to describing their hydrologic behaviour and achieving
targeted water functions. The integrated hydrological behaviour of many constructed hummocks
influences the water quantity and quality associated with the overall landform and that arriving at
down-gradient ecosystems and water bodies.

Potential Surface Water
Feature

Lowland

Figure 2-2 Fundamental hydrologic landscape unit (FHLU) of a scale-less upland-lowland unit. Adapted from Winter
(2001). Note that the shape illustrated is arbitrary. Shading represents the lowland within the FHLU. Note
that water can flow in either direction (i.e. from upland to lowland or lowland to upland), depending on
the spatial scale of the FHLU and hydrologic properties.

Intermediate-scale . Larger-scale FHLU
FHLU

Small-scale FHLU Small-scale FHLU

Trafficability Cap and Closure Topography Layer (e.g. tailings sand)

Undenyingﬁt}nmposite Tailings (CT)

Figure 2-3 Nesting relationships between fundamental hydrological landscape units within a hypothetical landform
(e.g. capped CT deposit). Adapted from Winter (2001). Shading represents the lowlands within the FHLUS.
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2.3 Hummock Technology within the Water Balance Framework

The water balance describes the distribution of water across a given landscape, both spatially and
temporally. It can be used as a quantifiable measure of the water source/sink function of different scales of
FHLUs within the reclaimed landscape. The water balance defines fluxes into and out of a unit of the
reclaimed landscape as well as the amount of water stored (i.e. storage) in that unit. Storage, whether in
the form of groundwater, water stored in coversoils/substrates, or surface water in depressions, is defined
as the residual remaining after accounting for inflows and outflows. The water balance equation for any
scale of the reclaimed landscape can be defined using the form of Devito et al. (2012) as (see Figure 2-4):

2-1
AS =P —ET + (Rijn — Rowe) + (GWi, — GWoye)

where AS indicates the amount of water storage, P is precipitation, ET is evapotranspiration, R is runoff
(inflows or outflows), and GW is groundwater (inflows or outflows).

\ |
(“z__- o ||!||‘ i .|::'II GLI"I'IIM

Figure 2-4 Schematic defining water balance at any scale of the reclaimed landscape (from Devito et al. [2012]). AS
indicates the amount of water storage, P is precipitation, ET is evapotranspiration, R is runoff (inflows or
outflows), and GW is groundwater (inflows or outflows).

The water balance equation demonstrates that a first-order control on all hydrological, hydrogeological,
and ecological interactions occurring in reclaimed oil sands mining landscapes is the climate of the
Athabasca Oil Sands Region (AOSR). The region’s climate is sub-humid (i.e. long-term and average annual
potential evapotranspiration is greater than precipitation) and water deficits are common (Figure 2-5; see
Devito et al., 2012 for detailed overview). Most precipitation in a given year occurs during the growing
season (Figure 2-5; i.e. synchronicity between precipitation and vegetative water demand), which facilitates
root water uptake and ET at the expense of outflows via groundwater flow and runoff (Devito et al. 2012).
Decadal-scale wet and dry climatic cycles are also characteristic of the AOSR climate and impart additional
controls on water availability and flow (Figure 2-6), including lagged hydrological and ecological responses
throughout the groundwater-soil-plant continuum (Devito et al. 2012).
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Figure 2-5  Long-term, typical intra-annual trends in precipitation (P) and potential evapotranspiration (PET) for the

Athabasca Oil Sands Region. Note that a seasonal water deficit is the norm and that units are millimetres
(mm). From Devito et al. (2012).
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Figure 2-6  a) Inter-annual trend in precipitation (P) and the associated magnitude of the water surplus (green) or
deficit (red) for a given year indicated by the solid line and coloured shading. In top panel, the 30-year
climate normals for precipitation and potential evapotranspiration (PET) are shown as dashed lines. In the
lower panel, the same data is expressed as a cumulative departure from long-term mean (CDYrM)
precipitation, showing how multi-year water deficits and surpluses occur over time as a function of inter-
annual precipitation patterns. From Devito et al. (2012).

Inflows to and outflows from units of the reclaimed landscape in the AOSR are represented by R and GW
in the water balance equation and are components that describe fluxes associated with landform drainage.
Given the water deficit imparted by the sub-humid climate, the high storage capacity of materials used to
reconstruct landscapes, and the relatively permeable nature of materials used to cap CT deposits, landform
drainage through the trafficability cap and closure topography layer (e.g. hummocks) generally occurs as
groundwater flow (Twerdy 2019). Surface water runoff and overland flow in these landforms are typically
limited, generally constrained to wet climatic periods (WorleyParsons Canada Services Ltd.
[WorleyParsons] 2013) and may occur immediately following the placement of reclamation materials
(Ketcheson and Price 2016), and/or may be local-scale occurrences due to infrequent transient hydrologic
events, including concrete frost or high intensity rainfall (Biagi and Care 2020). Overall, the current
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understanding is that overland flow represents a small component of the overall water balance on capped
CT deposits (Biagi and Carey 2020).

To adequately cap and reclaim CT deposits in sub-humid environments that store near-surface
process-affected water, it may be necessary to minimize ET in the water balance to enhance the
fresh-water component (i.e. meteoric water inputs not taken up by plants). At the deposit-scale, water not
taken up by plants becomes recharge and reflects the amount of water available to down-gradient
receiving water bodies, as well as the potential to freshen near-surface process-affected water. Moreover,
the deposit-scale water balance is the summation of the water balances of individual landform elements,
such as hummocks. This relationship is important because the deposit-scale water balance and the water
balance of landform elements (e.g. hummock-scale) interact to alter water and solute movement patterns.

The water balance has applications for quantifying fluxes and flow rates at the deposit-scale. However, it
only provides a high-level indication of flow patterns and flow paths within the capped CT deposit and is
not necessarily indicative of how landform elements, such as hummaocks, influence hydrological function.
In addition to the water balance, geomorphological (e.g. geometry, slope, shape), hydrogeological

(e.g. hydraulic conductivity), pedological (e.g. coversoils), and ecological (e.g. vegetation type) factors of
the overall landform (i.e. capped CT deposit) and landform elements (e.g. hummocks) influence the
migration pathways of water and solutes.

Given that water movement on capped and reclaimed CT deposits predominantly occurs via groundwater
flow, the water table configuration reflects the summation of water balance components as well as the
influence of geomorphological, hydrogeological, pedological, and ecological factors of landform elements
and the overall reclaimed landscape. For this reason, the water table configuration is indicative of a
hummock’s water quantity, water quality, and landform drainage functions because:

1. itis an expression of how hummocks function as sources/sinks of water and, more specifically, how
hummocks partition precipitation between root water uptake, soil storage, and recharge (i.e. water
quantity function);

2. its position relative to the ground surface is indicative of the proximity of process affected water to
the rooting zone of forestland vegetation and the capacity of a hummock to flush process affected
waters from tailings sand (i.e. water quality); and

3. itis indicative of the hydrologic connectivity and flow paths that define the movement of water
between recharge areas and outlets on a landform (i.e. landform drainage).

Therefore, the water table configuration is a useful and readily measurable quantity that Syncrude has
used as a metric to indicate hummock performance when capping and reclaiming CT deposits
(Syncrude 2016).

Since some factors controlling the hydrological behaviour and performance of reclaimed CT deposits are
uncontrollable (e.g. climatic factors) or difficult to modify (e.g. availability and/or prior placement of
reconstruction materials), reclamation managers should focus on managing the remaining factors that can
be manipulated through design to meet performance objectives. One of the primary ways and scales at
which it is possible to manage water and solute movement when capping CT deposits is the use of
landform elements, including hummocks, as modifiers of flow and solute movement. More specifically, the
geomorphology (hummock geometry and shape), pedology (thickness of coversoils and coversoil type),
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and ecology (selective of vegetation/ecosites) of hummocks can be designed to optimize water balance
components as well as the configuration of the water table. Consequently, hummocks can be constructed
at specified scales and strategically placed to achieve desirable hydrological functions within a
reconstructed landscape.
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3 Hydrogeology of Hummocks

The water table is often assumed to be a subdued replica of topography in humid climates (Haitjema and
Mitchell-Bruker 2005). However, the influence of topography at smaller spatial scales (i.e. the scale at
which many hummocks are constructed) can diverge from this paradigm in regions with sub-humid
climates (i.e. moisture deficit; see Section 2.3) that have low-relief (Haitjema and Mitchell-Bruker 2005;
Hokanson et al. 2020). CT deposits and their capping methods result in low-relief closure topography that,
when coupled with the sub-humid climate of the AOSR, can reduce the influence of closure topography
on water table configurations. Whether the water table configuration in capped and reclaimed CT deposits
mimics the topography will depend on the hydrogeologic properties and topographic relief characterizing
a reclaimed CT landform (Haitjema and Mitchell-Bruker 2005).

The hydrogeology of capped CT deposits can be considered a generalized unconfined aquifer-aquitard
system (Figure 2-1), where the closure topography layer, comprised of hummocks and lowlands/swales,
combined with the trafficability cap constitute an unconfined aquifer overlying a much lower hydraulic
conductivity CT material or CT material with coarser tailings. In unconfined aquifers, the degree to which
topography influences the water table configuration, and associated groundwater flow patterns, is
primarily related to the following hydrogeologic factors (Haitjema and Mitchell-Bruker 2005):

e The hydraulic conductivity of the unconfined aquifer;

e The amount and timing of recharge;

e The thickness of the unconfined aquifer;

e The distance between hydrological boundaries (i.e. surface water drainage features); and

e The topographic profile of the land surface itself.

While each of these factors plays a role in the expression of the water table, topography tends to have a
greater influence on the water table configuration when recharge is high (i.e. water is in abundance),
hydraulic conductivity is low, the distance between hydrological boundaries is large, and the aquifer
thickness is less. Constructed hummocks can be manipulated to various degrees to control these factors,
with some factors more readily altered than others. Given that the lithological composition and thickness
of the trafficability cap are not readily altered on a CT deposit (i.e. logistical constraints posed by material
availability), hummocks primarily influence the distance between surface water drainage features (e.g.
swales, lowlands), the local elevation of the closure topography, and the spatial distribution of recharge.
For example, the areal extent of a constructed hummock (i.e. length, width) can be altered to change the
distance between hydrological boundaries that serve as drainage features. Similarly, coversoil prescriptions
that control the amount of precipitation partitioned to recharge can be readily modified (e.g. thickness or
texture).

Figure 3-1a and Figure 3-1b shows two end-member cases (i.e. water table closely related to topography
vs. unrelated to topography) for how hummocks may or may not alter water table configurations and
nearby associated groundwater flow patterns. Constructed hummocks with high recharge (i.e. water in
abundance/excess moisture) and/or low hydraulic conductivity result in the water table closely following
topography (Figure 3-1a). If the water table rises due to the presence of a hummock, defined as
groundwater mounding, a nested flow system forms that alters the groundwater flow pattern.
Comparatively, a hummock may not partition enough precipitation to recharge, be of sufficient areal
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extent, and/or have hydraulic properties to alter the water flow pattern near it (Figure 3-1b). This may be
because the characteristics of a particular capped CT deposit (i.e. deposit-scale), including its hydraulic
conductivity, slope, and prescribed outlets, exert a far larger influence on flow patterns relative to the size
of a constructed hummock.

a) High recharge and/or low hydraulic conductivity landform elements
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b) Low recharge and/or high hydraulic conductivity landform elements
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Figure 3-1 Conceptualized groundwater flow associated with constructed hummocks and potential water table
configurations under contrasting hydrogeologic regimes for a) topography-controlled and b) recharge-
controlled. Recharge-controlled describes how the shape of the water table is determined solely by the
magnitude of recharge, all other factors being equal. Shading represents the lowlands. Adapted from
Haitiema and Mitchell-Bruker (2005).

3.1 Water Table Configuration Analysis

Absolute values of recharge, hydraulic conductivity, and hummock dimensions (i.e. length, width, height)
are important in many aspects of mine reclamation, but their relative values are what matter in
determining the water table configuration. It follows that the relationship between the water table and the
wide range of hummock morphological and hydrogeological characteristics can be related in terms of
dimensionless ratios, where recharge (R), hydraulic conductivity (K), the distance between hydrological
boundaries (L), aquifer thickness (H), and maximum hummock height (d) can be related to the expected
rise in the water table (Ah) in the following form (Haitjema and Mitchell-Bruker 2005, note that this
equation is also detailed in Section 5.1.1):
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when Ah/d >1, water table closely follows topography
when Ah/d «1, water table does not closely follow topography

The right side of the equation expresses the controlling variables as three key ratios (R/K, L/H, L/d) with an
additional constant describing the shape of the aquifer (C). On the left side of the equation, when the rise
in the water table (Ah) is greater than the maximum hummock height (d), the water table intersects the
ground surface. Thus, a Ah/d ratio >1 indicates that the water table closely follows topography. For Ah/d
modestly below 1, the water table may still be shallow and approximate the general topographic form of a
hummock. Comparatively, for Ah/d << 1, the water table does not align with the topography of any but
the largest landform features (e.g. perhaps streams or channels).

An illustrative example of the application of this dimensionless criterion for a tailings sand hummock is
shown below in Table 3-1. The hydraulic conductivity of tailings sand can span a potentially large range
from 107" m/s to 10 m/s, although the likely bulk hydraulic conductivity of landforms comprised of
tailings sand generally appears to be between 10®m/s and 10> m/s (Goddard 2017; Price 2005;
Thompson et al. 2011; Twerdy 2019). To evaluate the influence of this hydraulic conductivity range on the
topographic control of the water table, ratios of Ah/d are calculated and shown in Table 3-1, assuming
realistic parameters of a hummock with a length of 300 m, height of 4 m, aquifer thickness of 10 m at the
edges of the hummock, and relatively high recharge of 100 mm/yr.

Table 3-1 Sensitivity of the water table-topography relationship for various hydraulic conductivity values for a
constructed tailings sand hummock on a capped and reclaimed CT deposit.

Hydraulic R/K® L/H® L/d Ah/d Topography-

Conductivity (dimensionless) (dimensionless) (dimensionless) (dimensionless)? Controlled
(m/s) Water Table?

104 32x10° 29.9 75 0.01 No

5x 1073 6.3x10° 299 75 0.02 No
3.2x10* 29.5 75 0.09 No
6.3 x 10 29.0 75 0.17 No
3.2x103 26.0 75 0.77 Intermediate
6.3x 103 235 75 1.39 Yes
3.2x 1072 15.6 75 4.63 Yes

2calculated assuming a recharge value of 100 mm/yr = 3.2:10°° m/s, hummock height = 4 m, hummock length = 300 m, and shape factor = 8 (value of 8
or 16 typically applied aligning to planar or radial flow, respectively)

bL/H varies because H increases as the height of the groundwater mound increases. H represents the average aquifer thickness of the groundwater
mound beneath the hummock, calculated by taking the average of the water level at the centre and edge of the groundwater mound (see Section 5.1.1)
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This simple example in Table 3-1 demonstrates that the observed range of hydraulic conductivities for
materials used to construct the trafficability cap and closure topography layer (e.g. tailings sand) on CT
deposits may or may not result in the water table being controlled by topography. Other variables could
have been varied in the analysis (e.g. hummock height or size) to arrive at the same conclusion. In other
words, the water table exhibits a range of possible interactions with topography, encompassing the
situations where we expect the water table to closely and not closely follow topography.

While the above analysis represents a first order approximation of the water table configuration beneath a
hummock, it does not explicitly recognize how the shape, form, and geometry of a hummock influences
the water table depth. Additional shape factors are important for determining hummock-lowland
interactions and whether a large or small proportion of a hummock provides adequate separation
between the water table and rooting zone. Figure 3-2 shows the different zones on a hummock: 1) the
crest, 2) the midslope, and 3) the toe, with the potential for a hummock to have a convex (panel a) or
concave (panel b) slope. Hummock construction methods influence hummock shape, where
hydraulic-placement typically results in more concave slopes and smaller crests compared to cell
construction that leads to more convex slopes and larger crests.

Three potential water table configurations between the hummock and the adjacent lowland/swale are also
shown on Figure 3-2. For the same water table configuration, concave slopes have a greater proportion of
the water table near the ground surface, and the water table more easily intersects the land surface,
compared to convex forms. Furthermore, these water table configurations represent different outcomes of
Ah/d, where the flat water table configuration and the water table sloping from the toe to crest both have
Ah/d << 1. Comparatively, the third water table configuration shows a groundwater mound developing
beneath the hummocks, implying a Ah/d close to or modestly below 1. Water table configurations with
Ah/d << 1 represent cases where the hummock length/width is small, overriding deposit-scale factors
govern the water table configuration, and/or hummocks function as sinks of water (i.e. negative net
recharge potentially resulting in a water table depression; Hokanson et al. 2020). It should also be noted
that hydrological and ecological processes can vary between different areas of the hummock (e.g. crest vs.
toe) and as a function of the convex versus concave orientation of the hummock slope

(Lukenbach et al. 2019). These may lead to additional complexity in water flow and water table
configuration at small scales (Winter et al.,, 2003), which can have important geochemical and ecological
consequences.
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Figure 3-2 The different zones of hummock (crest, midslope, toe) identified for a) convex versus b) concave slopes with
three potential water table configurations shown as dashed lines. Precipitation (P), evapotranspiration (ET),
and recharge (R) are denoted with arrows, along with their conceptualized spatial variation on each slope.

Note that evapotranspiration (ET) is conceptualized to increase in regions where upflux (U) occurs (i.e.
negative net recharge).
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3.2 Recharge-Discharge Dynamics

The water table configuration reflects the spatial and temporal distribution of recharge and discharge
zones within reclaimed landforms. When the water table more closely approximates topography and
groundwater mounds form beneath hummocks, local-flow systems tend to characterize the groundwater
flow pattern (Figure 3-1a). Local-scale flow systems may exhibit temporal permanence across a range of
climatic conditions, or they may be short-lived and transient in nature (Winter 2001). Comparatively,
intermediate-scale flow patterns are predominant when the water table does not follow topography, and
groundwater discharge may only occur near the outlets of a reclaimed landform. Additionally, in
intermediate-scale flow systems, groundwater flow across hummock-lowland interfaces may be best
described as “flow through”, where the horizontal component of flow dominates (Figure 3-1b).

The formation or absence of nested, local-scale flow systems is closely associated with solute migration
patterns in reclaimed landforms (Twerdy 2019). Constructed hummocks aim to passively manage solute
migration in capped and reclaimed CT deposits by: 1) affecting the tendency for local-scale flow systems
to develop and 2) influencing the amount of precipitation partitioned to recharge. Where local-scale flow
systems develop, solute discharge patterns are more likely to be an expression of hummock-scale
dynamics (i.e. hummock to adjacent lowland). The smaller spatial scale of local-scale flow systems
generally results in solute flushing occurring over shorter timescales than intermediate-scale flow systems.

Even if hummocks do not alter flow patterns, they may still be important sources of freshwater, where the
timing and magnitude of recharge they facilitate determine the rate and magnitude of solute flushing.
Under such circumstances, recharge through hummocks contributes to the amount of freshwater available
at the landform-scale. Ultimately, the rate and magnitude of solute loading are related to the landform
drainage patterns determined by the interaction between closure topography (i.e. constructed hummocks)
and deposit-scale characteristics.

Hummock Technology Learnings to Support Water Management on Reclaimed Landforms Advisian 18
Rev. 0 : 0B207031-00039-20000-WW-REP-0001



Svecrude

Securing Canada’s Energy Future

Advisian IEEEI

4 Case Studies of Constructed Hummock Performance:
Observations and Controlling Factors

Section 4 provides case studies that demonstrate Syncrude’s experience constructing hummocks and
evaluating their performance. Additionally, this section discusses relevant hummock analogue studies from
other mining operations that have helped inform Syncrude’s understanding for how to design constructed
hummocks that meet desired hydrologic functions. These case studies demonstrate that Syncrude has
conducted, and continues to conduct, numerous investigations of constructed hummock performance;
where uncertainties remain, Syncrude is actively undertaking work on the Mildred Lake Lease to advance
their understanding of hummock and closure topography design. Learnings from these case studies can
be readily applied to reclamation at Aurora North Mine and other Syncrude leases in the future.

Most of the synthesized findings presented here are based on data collected from study areas located at
Syncrude’s Mildred Lake Mine:

e Sandhill Fen Watershed (SFW); and
e South West Sands Storage Facility (SWSS).

Other reconstructed tailings areas on Syncrude’s leases have infrequent field observations and/or did not
contain constructed hummocks or hummock analogues. However, the geometry, type, and configuration
of the hummocks at some locations, such as the hummocks constructed in the remainder of East in-Pit
(EIP), are available for review. Hummocks currently under construction, in the design phase, and those
presently lacking field data (e.g. elsewhere in EIP), can be evaluated using the tools developed in Section 5.

The other applicable case study detailed in Section 4 is a modelling exercise (Section 4.3), that evaluated
the performance of hummocks across a range of hydrological conditions and/or design scenarios for
analogous reclaimed mine sites.

4.1 Syncrude Sandhill Fen Watershed

Sandhill Fen Watershed (SFW) is the first reclaimed watershed constructed on a CT deposit and is one the
most extensively studied reclamation projects in the AOSR, encompassing rich datasets from all aspects of
the hydrological, hydrogeological and ecological systems. SFW is a 52 hectare (ha) watershed located on
Syncrude’s Mildred Lake Mine lease, constructed in 2012 on the northwest corner of the former mine pit,
EIP. The tailings deposit in EIP consists of ~30 m of CT that was capped with 10 m of hydraulically placed
tailings sand (BGC, 2008a, b), with tailings sand hummocks and lowlands mechanically constructed on top
of the tailings sand trafficability cap to create the final closure topography layer (Figure 4-1). Constructed
hummocks in SFW varied in size, height, morphometry, and coversoil prescriptions (Lukenbach et al. 2019;
Twerdy 2019). Hummock analogues within SFW included a gently-sloping upland area, termed the south
slope, as well as the 318 Closure Divide finger hummock (Figure 4-1). Hummocks and hummock analogues
associated with SFW are a component of the larger, interdisciplinary work ongoing at SFW. Full details on
the watershed's goals, research, construction, and design are provided by Wytrykush et al. (2012),
Syncrude (2020), BGC (2008), BGC (2014a), and BGC (2014b).
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Because it is an experimental research watershed, the SFW is more heavily instrumented and monitored
compared to other reclaimed areas on Syncrude’s leases. Groundwater monitoring activities have included
manual and continuous measurements of water level, electrical conductivity, temperature, and water
chemistry in approximately 200 piezometers and wells (Figure 4-1). Soil water monitoring was conducted
at 