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FORWARD

It is with great pleasure that we present the Seventh International Oil Sands Tailings
Conference 2022 (I0OSTC’22). In the tumultuous times during the unprecedented pandemic
starting in early 2020, the oil sands industry needed to be flexible and adapt to changing
workplace requirements on short notice. The oil sands industry demonstrated great resiliency in
the face of the unknown and is well on its way to recovery. Our environmental obligations toward
the treatment of legacy tailings remain, and the oil sands industry, in partnership with academia,
consultancies and its regulator, continues to provide innovative technologies to tackle these
challenges.

We are also aware of the growing interest of reclamation strategies and technologies from
Indigenous communities and the public. Special to this year’s conference, we are very pleased to
include a panel session on "Indigenous perspectives on oil sand tailings management and
reclamation" moderated by Jessica Vandenberghe, P.Eng., M.Sc., FEC, Assistant Dean,
Engineering Community and Culture & Industrial Professor—Indigenous Engineering at the
Faculty of Engineering, University of Alberta. Panelists include members of Athabasca Chipewyan
First Nation and Mikisew Cree First Nation, as well as consultants who provide services to
Indigenous communities situated in the oil sands region of Alberta.

Thank you to our Keynote Speakers, John Brogly, Paul Cavanagh and Heather Kaminsky, for
sharing their experiences and expertise in managing different aspects of oil sands tailings, from
water considerations and fluid fine tailings to designing deep cohesive tailings deposits. We are
grateful for the strong support we received for IOSTC’22 by the authors who have submitted their
manuscripts, by the exhibitors who continue to support the conference and display their innovative
technologies and most importantly by our sponsors who recognize the important contribution of
this conference to meeting the challenges presented by oil sands tailings to the environment and
the viability of this most important Alberta industry.

We want to personally thank members of the OSTRF and the University of Alberta Geotechnical
Centre for their encouragement and support. The conference would not have been possible
without the dedication of Vivian Giang, Jen Stogowski and especially Sally Petaske who provided
so much assistance and leadership.

The technical challenges associated with fluid fine tailings (FFT), including legacy mature fine
tailings (MFT), require novel and innovative approaches to ensure the sustainable development
and environmental stewardship of Alberta’s vast oil sands. It was with this in mind that the session
themes and manuscripts were selected for presentation and inclusion in the proceedings. We
want to thank our professional colleagues who willingly contributed their technical knowledge,
experiences and especially their time to write the manuscripts that make the proceedings of this
conference.

May you find further insights to enhance your understanding of the current state-of-practice in oil
sands tailings management through 10STC’22.

Nicholas A. Beier, G. Ward Wilson and David C. Sego
Co-Chairs, IOSTC 2022 Organizing Committee
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IOSTC LAND ACKNOWLEDGEMENT

The oil sands mine sites and tailings structures we work with are situated on the traditional
Indigenous territories in Treaty 8 and have an impact on Indigenous people, the land and
communities. We would like to acknowledge that the University of Alberta and where we
gather today in conference is located on Treaty 6 territory. We respect the histories,
languages, and cultures of First Nations, Métis, Inuit, and all First Peoples of Canada,
whose presence continues to enrich our vibrant community. We hope that we all can work
towards reconciliation personally and in the professional realm through initiatives that
increase equity, diversity and inclusion of Indigenous peoples.
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OIL SANDS MINE WATER MANAGEMENT - A BALANCED PERSPECTIVE
John Brogly, Director, Water, COSIA

ABSTRACT

All oil sands commercial production facilities use water-based extraction. COSIA’s water aspiration is to be
world leaders in water management, producing Canadian energy with no adverse impact on water. For the
oil sands mining sector, that means balancing multiple objectives through the use of the Integrated Water
Management Framework: minimizing how much fresh water is used while minimizing other environmental
effects of water management including increased salination of mine waters, increased green-house gas
emissions, waste water disposal and delayed mine site reclamation. Topics covered include fresh water
availability and use, trace elements in oil sands and their relative impact on the Athabasca River watershed,
how the Integrated Water Management Framework has been used on oil sands mine sites, water treatment
technology selection and deployment and finally, the importance of treated mine water release as a key

element of responsible water management.



I0STC 2022, Edmonton, AB - December 4-7, 2022

THE STATE OF OIL SANDS FLUID FINE TAILINGS
Heather Kaminsky, NSERC Industrial Research Chair, NAIT

ABSTRACT

The IOSTC conferences began in 2008 coincident with the release of Directive 074, targeted at addressing
stakeholder concerns over the volume of fluid fine tailings. Since then, the conference has borne witness
to results from hundreds of bench scale studies and dozens of pilot trials. This presentation reviews the
current state of fluid fine tailings based on the publicly available regulatory reports including the current
volume of fluid tailings, the technologies used to treat fluid tailings by the different operators, and the ready

to reclaim criteria for each deposit.
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DESIGNING DEEP COHESIVE OIL SAND TAILINGS DEPOSITS
Paul C. Cavanagh, Senior Principal, Global Dam Safety, Imperial

ABSTRACT
The Canadian Oil Sands Innovation Alliance (COSIA) created the Deep Deposit Working Group (DDWG)

to identify and develop approaches and technologies for the design and implementation of deep cohesive
tailings deposits and to explore different capping strategies for the reclamation of these deposits with a

wetland or terrestrial landform.

The oil sands industry expects deep cohesive deposits to be included in operators’ mine, tailings and
closure plans, and supports their development when consistent with reclamation and land use objectives.
Developing a deep deposit to support a closure landform at this scale is challenging, takes time, and is

subject to changing expectations for performance and outcomes.

The Deep Deposit Design Guide (the Guide) was created to capture industry knowledge and experience,
provide design and implementation guidance for deep deposit development, and outlines a design process
based on an observational method so teams may prepare work scopes, assign responsibilities, and govern
deposit development. The Guide advocates designing for most likely conditions and stewarding through

execution using timely, pre-designed contingencies.
The Deep Deposit Design Guide:

¢ Is integral with and complimentary to existing corporate governance frameworks (e.g.; community
relations);

e Summarizes deep deposit characteristics, knowledge, experience, available technologies and
mitigations, and provides guidance for deep deposit development from concept to reclamation
based on accepted engineering practice (e.g.; observational method);

e Provides practical comparative baselines for site-specific projects and applications; and

e  Will be updated periodically as new information, knowledge and experience is acquired.
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TAILINGS BEHAVIOUR TYPE TO PREDICT OIL SANDS TAILINGS
CONSTITUENTS FROM THE GAMMA CONE PENETRATION TEST

Iman Entezari, Dallas McGowan, Joseph Glavina, and James Sharp
ConeTec Investigations Ltd., Burnaby, BC, Canada

ABSTRACT

This paper presents an update on the development
of an empirical relationship, called Tailings
Behaviour Type (TBT), to estimate oil sands tailings
constituents from in-situ gamma piezocone and
piezoball penetration tests (GCPTu and GBCPTu).
In this study, the 2020 development dataset was
expanded to include not only more paired GCPTu
and laboratory results but also to include paired
GBCPTu and laboratory results. The TBT models
were calibrated to work for both GCPTu and
GBCPTu profiles. TBT models were developed to
estimate % solids by mass, % 44 um fines by mass,
and methylene blue index (MBI). The TBT models
are robust and capable of estimation of tailings
properties from across the oil sands mining region.
A Class A performance assessment showed TBT
models can predict the contents of solids and total
fines within 4.26 and 5.35 wt% error, respectively,
assuming the laboratory data was perfectly
accurate. MBI of oil sands tailings is predicted within
1.05 meqg/100g error. TBT models enable mine
operators to efficiently analyze the tailings
constituents in-situ, saving time and expense.

INTRODUCTION

Background

In-situ testing, mainly gamma piezocone and
piezoball penetration tests (GCPTu and GBCPTu),
and laboratory analysis of ex-situ tailings samples
are widely used to characterize oil sands tailings.
Laboratory testing directly provides tailings
constituents, while in-situ profiles directly and
indirectly provide stratigraphy, strength,
hydrogeological and engineering properties of the
tailings.

Since 2012, TBT models have been increasingly
utilized in the oil sands to estimate tailings
properties from GCPTu data (Ansah-Sam et al.
2015, Styler et al. 2018 & Entezari et al. 2020). In
TMW 2020, the preliminary results from whole-
region TBT models to estimate tailings solids and
fines content were presented (Entezari et al. 2020).

Using a dataset of paired GCPTu and laboratory
constituent data collected between 2011 and 2019,
machine learning modelling was employed to
calibrate models estimating tailings constituents
from in-situ data. The performance assessment was
performed on a test set selected randomly from the
development dataset.

In this study, the development dataset was
expanded to include additional paired GCPTu and
laboratory results and to include paired GBCPTu
and laboratory results. The TBT models were
calibrated to work for both GCPTu and GBCPTu
profiles. The TBT models were developed to
estimate methylene blue index (MBI) of tailings in
addition to total solids and fines contents. The aim
of this publication is twofold: 1) to provide an update
on the development and performance of the most
recent regional TBT models and 2) to demonstrate
how TBT models may be implemented and used in
practice to provide rapid and continuous tailings
properties and to identify potential laboratory
issues.

GCPTu and GBCPTu

The piezocone penetrometer (CPTu) is a direct
push probe routinely used for geotechnical site
investigations worldwide. The CPTu measures tip
resistance, sleeve friction, and pore pressure. The
CPTu is advanced at a constant rate of 2 cm/s
through the soil and all three measurements are
made near continuously with depth. The piezoball
penetrometer (BCPTu) is also used as a standard
test for determining the undrained shear strength of
soft tailings (Dedong et al. 2011). The test
incorporates a standard cone penetrometer body
and a large spherical tip that replaces the standard
conical tip.

A variety of modules and sensors can be integrated
with the penetrometer to provide additional in-situ
data. The passive gamma module is a module
useful for the characterization of oil sands tailings.
This module responds to naturally occurring
radioisotopes, namely radioisotopes of Potassium
(*°K), Thorium (32Th), and Uranium (#8U). The
received gamma ray incidents are counted and
reported as counts per second (cps). In tailings
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where the fines include illite clay mineralogy, the
gamma counts are proportional to the total fines
content (Figure 1b). In addition, gamma is an
efficient tool to delineate froth treatment tailings as
these tailings are rich in Uranium and Thorium and
so the measured gamma counts are substantially
higher than other tailings materials (>> 60 cps).

DATASET DESCRIPTION

Samples and Lab Measurements

The samples used in this study were collected using
fluid and sonic samplers (Ansah-Sam et al. 2015)
from multiple tailings storage facilities (TSFs)
operated by four oil sands mine operators
anonymized as Mine Operators A, B, C, and D here.
Tailings characteristics including the mass percent
of solids and 44 um fines, as well as the MBI were
measured through laboratory programs. The
laboratory measurements were from multiple
commercial and owner-operated laboratories, using
industry standard practices (e.g. Kaminsky 2014,
Hiltz and McFarlane 2017). Methods such as oven-
drying or Dean-Stark analysis are used to measure
the solid content of tailings, while the fines content
is normally measured through a sieve analysis or
laser diffraction. It should be mentioned that not all
the tailings constituents or index properties were
analyzed for each sample.

In-situ Measurements

The in-situ variables used for modelling were the
computed undrained shear strength, the linearity
and slope of the dynamic pore water pressure, and
the passive gamma rate. The undrained shear
strength is used as an input parameter because it
can be calculated by both GCPTu and GBCPTu
measured penetration resistances, allowing both
tests to work in the same prediction model.

During undrained penetration, the scaled net tip
resistance is approximately equal to the undrained
shear strength. It is recognized that only some of the
results are truly undrained during penetration, but
the calculated undrained shear strength from net tip
resistance remains a useful intermediate parameter
to equate CPTu and BCPTu results for this study
regardless of the actual drainage conditions during
penetration. To calculate the undrained shear
strength, an estimate of total vertical stress is
required which depends on the total unit weight of
the tailings. The unit weight profile is typically
calculated using the pore pressure dissipation

(PPD) data (Styler 2018) or by using the laboratory
results from adjacent samples. When such data was
not available, in fluid tailings, the slope of the
dynamic pore water pressure was used as the total
unit weight. In non-fluid tailings, unit weights of 18.6
and 20.8 kN/m?® were assumed for samples below
and above the phreatic surface, respectively. In
non-fluid tailings, slight variation in the unit weight
assumption has a negligible impact on the
undrained shear strength calculation because tip
resistance is much larger than vertical stress in such
tailings. It is also worth noting that the calculation of
undrained shear strength from BCPTu is much less
sensitive to estimated unit weight and total stress.
Typically, any error in computed total stress will
have one tenth the impact on BCPTu calculated
shear strength compared to CPTu, due to full flow
of tailings around the ball. Bearing factors for CPTu
and BCPTu (Nk:, Nbai) of 15 and 11 respectively
were used to scale the net tip resistance and
calculate undrained shear strength for CPTu and
BCPTu, respectively. The linearity and slope of the
dynamic pore water pressure was calculated over a
moving depth window of 1 m for both CPTu and
BCPTu. Screening criteria was utilized to ensure
that this slope (and hence fluid density) was not
calculated for tailing exhibiting solid behaviour
(Entezari et al. 2020).

Building Paired Dataset

To create the dataset of paired in-situ and
laboratory results, ConeTec’s geospatial database
was queried to produce GCPTu, GBCPTu, and
sample pairs collected from 2011 to 2021 in the oil
sands region. The query was restricted such that
only sample results falling within a 5-meter radius
and 1-month time buffer from the in-situ sounding
are paired with the in-situ measurements. This
restriction criterion minimizes the potential temporal
and spatial variability between the in-situ and
laboratory results. For point fluid samples, the
median GCPTu measurements over a 0.5 m depth
window centered at the fluid sample elevation was
paired with the laboratory results. For core samples
(sonic), the window size was equal to the length of
the sample core homogenized for the lab.

The result of the database query and pairing
process led to a dataset of more than 30,000 data
points.

Training and Test Sets
The dataset was split into training and test sets. The

training set was used to calibrate the model
whereas the test set was used to evaluate model



I0STC 2022, Edmonton, AB - December 4-7, 2022

performance. For this study, the data collected from
2011 to 2019 was used as the training set (~85% of
the development dataset) and the data collected in
2020 and 2021 as the test set (~15% of the
development dataset). This allowed for performing
a Class A evaluation of the model.

Dataset Exploration and Data Cleansing

The training and test sets were inspected to
eliminate non-representative data. Examples of
non-representative data are when samples and in-
situ measurements are paired in non-homogenous
layered deposits, native ground, or in froth
treatment tailings. Froth treatment tailings contain
heavy minerals, causing high gamma readings
unrelated to clay content and fines. Subsequently,
efforts were made to eliminate data points in recycle
water, froth treatment tailings, natural ground, or
near layer boundaries from both training and test
sets. This was done by imposing screening criteria
such as eliminating data pairs with gamma of less
than 7 and greater than 60 cps to remove data pairs
in recycle water and froth treatment tailings,
respectively, and eliminating the data pairs in native
ground using field descriptions. After initial
screening, the relationship between laboratory and
in-situ measurements were investigated to ensure
data quality and representativeness (Figure 1).

Figure 1a shows the relationship between solids
content and slope of pore water pressure in fluid
tailings. Generally, there is a high correlation
between solids content and slope of pore water
pressure, which is representative of fluid tailings unit
weight. The relationship between total 44pum fines
content and gamma counts is shown in Figure 1b.
Increasing total fines content corresponds to an
increase in gamma counts. There are some data
points with low total fines content and high gamma
counts that are likely associated with mixtures of
froth treatment tailings or lateral heterogeneity
between in-situ test and sample hole locations that
were not effectively screened out. The data points
with high total fines content and low gamma counts
are potentially due to lateral heterogeneity. The
relationship between geotechnical fines content
(mass of fines as a percentage of solids) and MBIl is
displayed in Figure 1c. As expected, MBI generally
increases as geotechnical fines content increases.
However, for a portion of test set, it is observed that
the relationship does not follow the historic trend
(from the training set) and shows lower MBI in high
fines tailings (geotechnical fines between ~50-70
wt%). Further exploration also revealed that these
samples show lower gamma counts compared to

rest of the test set. These samples were found to be
all from Mine Operator D collected in 2021. This
atypical trend could be due to a potential lab issue
or a new tailings treatment process resulting in
capturing high contents of fine particles with low
activity and thus low MBI. Ultimately, since such
tailings from Mine Operator D were not represented
in the training set, they were eliminated from the test
set and the data collected in Fall of 2019 from Mine
Operator D were removed from the trainings set and
added to the test set instead.
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Figure 1. Relationships between some lab and
in-situ measurements.
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Figure 2. Histogram of tailings characteristics in the 2021 training set.

Table 1 compares the number of in-situ and
laboratory data pairs (after the data screening
process) in the training and test sets from each oil
sands operator. The training and test sets include
16,993 and 3,281 data pairs, respectively. The
histogram of solid and total fines contents and MBI
for the training set is shown in Figure 2. A ternary
diagram of the training set is shown in Figure 3. The
ternary diagram shows that the tailings range from
sandy soil-like tailings with high solids and low water
content in the lower left corner to tailings with high
fines, low sand, and high water content along the
top-right edge. Overall, the training set contains a
wide variety of materials paired with in-situ
measurements collected from multiple TSFs
operated by different mining companies and
analyzed by multiple commercial laboratories over
a ten-year period. Therefore, the models developed
using this dataset are robust against equipment,
sampling and laboratory procedures, regional
geology, and temporal variations.

°  Fine Tailings

©  Transition Tailings
e Sandy-Fine Tailings
©  Sand Tailings

10 20 30 40 50 60 70 80 90
Geotechnical Fines Content (wt%)

Figure 3. Ternary diagram of the training set.

Table 1. Number of paired in-situ and sample
results in the training and test sets.

Mine Training Set Test Set
Operator

GCPTu GBCPTu GCPTu GBCPTu
A 9497 324 643 31
B 122 2327 26 616
C 3572 191 1467 288
D 719 241 59 151
Total 13910 3083 2195 1086

REGIONAL TBT MODELS

Machine Learning Modelling

The TBT models were trained using ensembles of
neural networks, similar to our previous work
(Entezari et al. 2020). The input in-situ features
used for modelling included the undrained shear
strength, the slope of the dynamic pore water
pressure versus depth, the linearity of pore water
pressure profile, the passive gamma rate as well as
the mining property name where the data was
collected. Because the dataset consisted of data
from multiple sites, including the mine operator
name as an input variable to the model added
information  about  unquantified  geological
variances, as well as known variations in laboratory
procedures (e.g. laser diffraction vs wet sieve).

The models were trained to predict the contents of
solids and total fines, as well as MBI. The
performance of the TBT models was evaluated by
quantifying properties of the cumulative distribution
function (CDF) of errors on the test set, while
making the incorrect assumption that the laboratory
data is perfect (Error = Lab -TBT).
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Figure 4. Relationship between TBT estimated vs laboratory measured tailings properties along

with CDF of errors for the test set.

Performance Assessment

The relationships between the laboratory measured
and TBT predicted tailings properties for the test set
are shown in Figure 4. The CDF of errors on the test
set is also shown for each model output. Table 2
summarizes the error values of the model outputs
on the test set. There is a good correlation between
the TBT predicted and laboratory results for all
tailings characterizations. The bias of the estimated
results is also very low and close to zero. For solids
content estimation, the bias and error of the model
was observed to be 1.09 and 4.26 wit%,
respectively. This positive bias value means the
model underestimates the laboratory solids content
measurements by 1.09 wt%. The error of 4.26%
means that one standard deviation (68.2% of the
population) of the predicted solids content results
fall within +4.26 wt% of the laboratory measured
solids content. For total fines content estimation, the
bias and error were calculated to be 0.26 and 5.35
wt%, respectively. The model slightly underpredicts
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the total fines content by 0.26 wt%. For MBI, the
bias and error were observed to be 0.17 and 1.05
meq/100g, respectively. The geotechnical fines can
be estimated indirectly using the TBT estimated
total fines and solids content. The bias and error for
estimated geotechnical fines were calculated to be
0.02 and 8.8 wt%, respectively.

The performance of the models was also assessed
for each individual mine operator. The error and
bias of the models on tailings from each are listed in
Table 2. It should be noted that Mine Operator A
does not conduct MBI analysis in laboratory and
Mine Operator B only performs MBI testing on a
fraction of the samples in the laboratory. Therefore,
although TBT could report MBI, it was not possible
to compare TBT to laboratory results and perform
an error analysis for MBI prediction for Mine
Operator A.

A performance assessment was also performed on
the test set based on the penetrometer type. The
bias and error values for the predicted results were
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separately calculated for GCPTu and GBCPTu test
results using the data from all four mines (Table 2).
Since the test set includes tailings samples from
multiple TSFs operated by multiple oil sands
operators, the developed TBT model is a regional
model that can predict tailings properties from
across the oil sands region. Therefore, the error
assessment performed on the test set is considered
the overall performance of the model, taking into
account factors including but not Ilimited to
instrument repeatability, laboratory repeatability,
laboratory variance, and field sub-sampling.

In general, the performance of the TBT model at
each mine, and using each in-situ test, are
comparable and similar while performing
approximately the same as previously developed
site-specific models.

Table 2. Bias and error values* of TBT model.

Solids Total MBI
(Wt%) Fines (meq/100g)
(Wt%)

Overall 1.0944.26 0.26+5.35 0.17+1.05
Mine A 1.1+4.12 0.43+6.38 NA
Mine B -0.23+3.4 1.3843.62 0.67+1.55
Mine C 2.0614.24 -0.68+5.05 -0.1+0.71
Mine D -0.59+5.05 3.7+6.44 0.72+1.01
GCPTu 1.5+4.16 -0.0645.71 -0.04+0.64
GBCPTu 0.32+4.26 0.82+4.57 0.46%+1.37

"The error values are absolute errors not relative.

TBT IN PRACTICE
TBT in Fluid Fine Tailings (FFT)

Example TBT tailings characterization results
estimated using a GCPTu sounding and the
developed TBT model are presented in Figure 5.
The GCPTu sounding was collected in 2020 and
thus was part of the test set. The laboratory
measured results are overplotted for visual
comparison with TBT results. Evidently, the mudline
is at 1.5 m based on the low cone tip resistance and
rising gamma counts. The location includes FFT
from 1.5 to 17 m with a gradual increase in solids
content as depth increases. The TBT estimated
constituents successfully follow the laboratory
results over the entire tailings profile, while
providing additional stratigraphic detail.

1"

TBT in Soil-Like Tailings

Figure 6 shows an example profile of TBT results
from a location tested with GCPTu where the
samples were high solids tailings (solids content of
~75 wt%). The GCPTu sounding appears to be in
high sand material with an average sand to fine ratio
(SFR) of ~15. Overall, the TBT and laboratory
results agree well for the entire profile.

TBT in Layered Deposits

One of the advantages of TBT model is that tailings
properties can be estimated continuously with depth
as opposed to sampling and laboratory analysis that
average tailings properties over the length of
sample core. This could be particularly important for
layered deposits where sampling at certain depth
intervals may not capture the variation present in
the tailings. An example of TBT results from a test
GCPTu collected with layered tailings deposits is
shown in Figure 7. The TBT estimated and
laboratory measured tailings properties are
generally in good agreement, however there are
narrow layers of high fines tailings that are not
adequately characterized through sampling and
laboratory testing.

TBT Using GBCPTu Data

The TBT model was developed to work with both
GCPTu and GBCPTu data. Example TBT results
estimated using a GBCPTu sounding is shown in
Figure 8. The first 5.5 m has been drilled out through
the coke material. Overall, a good agreement is
observed between the laboratory results and the
TBT estimated results using the GBCPTu data.

TBT and HSI

For locations with sampling, GCPTu or GBCPTu,
and hyperspectral imaging (HSI) data (Entezari et
al. 2021, 2022), multiple prediction methods can be
utilized and compared to laboratory data. HSI and
TBT prediction models have been developed
independently using different technologies.
Therefore, good agreement between the two is a
good indicator of accurate tailings characterization,
while poor agreement could indicate the need for
laboratory analysis. HSI and TBT can also be
employed to validate laboratory results and identify
potential sampling, handling, or laboratory error
including  administrative  error  (mis-labelled
samples).
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Figure 9 illustrates an example profile showing TBT
results from GCPTu along with HSI predictions of
samples collected from a paired sonic sample hole.
The laboratory results are overplotted to visually
compare with the TBT and HSI results. The offset
between the GCPTu sounding and the sample hole
is 3 m. Importantly, the TBT results are predicted
every 2.5 centimeters, whereas the samples and
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resulting lab and HSI measurements represent an
average of the constituents over the cored interval
of 1 meter. Also, there is tailings with gamma of
greater than 60 cps from 5 to 7 m, which is indicative
of froth treatment tailings, for which TBT cannot
estimate tailings constituents. HSI models, on the
other hand, have been trained to work for froth
treatment tailings
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CONCLUSIONS

The TBT model was calibrated using the training set
consisting of ~17,000 paired in-situ and laboratory
data from tailings samples collected across multiple
TSFs at four oil sands mines. The model was
trained to work with both GCPTu and GBCPTu
soundings. The performance of the TBT model was
evaluated using a Class A test set consisting of
~3,000 paired data points. This type of Class A error
assessment properly evaluates the robustness of
the predictions when applied on new data. Results
showed TBT model can predict the solid and total
fines contents with 4.26 and 5.35 wt% error,
respectively, for the oil sands region. MBI is
predicted with 1.05 meqg/100g error. These errors
incorrectly assume that all the laboratory data is
perfect and repeatable.

TBT may be employed for rapid, repeatable, and
objective tailings constituent, virtually eliminating
the need for routine sampling and subsequent lab
testing. TBT can also be used as a rapid and
independent method to validate laboratory data, or
to identify problematic data for re-analysis.
Furthermore, TBT model may be employed to
predict laboratory results using different laboratory
techniques, or to objectively compare or translate
data from one mine to another.

In the oil sands mining region, this new regional TBT
negates the need for site-specific models, and
enables operators to present their data in an
objective and unified manner to practitioners and
regulators.
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ABSTRACT

Suncor’s Pond 5 tailings storage facility has been
undergoing reclamation activities since 2009. A
floating petroleum coke cover and vertical strip
drains (VSDs) were installed as part of the
reclamation of Pond 5. The area is now proposed to
be used as a coke storage facility with additional
coke being placed on top of the cover prior to final
landscaping activities. Therefore, it was necessary
to thoroughly characterize the tailings around the
perimeter of the pond which would form the
foundation of the storage facility slope. This paper
presents the results of the extensive field and
laboratory investigation conducted in 2020 to
determine the tailings properties which could be
used in future engineering analyses. The field
program included Cone Penetration Tests (CPT),
Ball Cone Penetration Tests (BCPT), electric Vane
Shear Tests (eVST) and sampling. Correlations
between the strength characterization methods
were evaluated and are presented herein.
Laboratory tests included index and density testing.
The measured strength and density of the tailings
were compared to those estimated using index
properties and CPT data and compared to existing
correlations available in the literature.

INTRODUCTION

Pond 5 is a tailings facility at Lease 86/17 of Suncor
Energy Inc. (Suncor)s Base Plant site and is
approximately 35 kilometers (km) north of the city of
Fort McMurray. The total area of the pond is
approximately 500 hectares (ha) with approximately
200 ha of soft tailings, which consist of a layer of
gypsum enriched Mature Fine Tailings (MFT)
overlying Consolidated Tailings (CT). The CT
process involves mixing tailings sand, MFT, and
gypsum and it was used by Suncor in the 1990s. In
support of Pond 5 reclamation, Suncor constructed
an engineered floating coke cover (generally
2 meters (m) thick) over the soft tailings between
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2009 and 2017. The coke cover has one layer of
geogrid and one layer of geotextile between the
MFT and coke. To facilitate the consolidation of the
soft tailings, VSDs were installed in the soft tailings
using the coke cover as a construction platform
between 2011 and 2017. The extent of VSDs
covered the footprint of the soft tailings except near
the pond perimeter and along two main haul roads,
as shown in Figure 1. The design of the coke cover
was presented by Pollock et al (2010), and the
construction methodology and activities were
discussed by Abusaid et al (2011). To further
enhance tailings consolidation and improve the
stiffness of the engineered cover in support of
closure activities, Suncor placed an additional 2 m
of coke in 2019 and 2020 on the engineered cover
to achieve a total coke thickness of 4 m. The
construction work and the performance of the VSDs
were published by Abusaid et al (2021).

Presently, the area is proposed to be used as a coke
storage facility with additional coke being placed on
top of the cover prior to landscaping activities. The
soft tailings will form part of the foundation of the
storage facility slope around the perimeter of the
pond (where there are no VSDs), as shown in a
typical profile along the pond perimeter in Figure 2.
An extensive field and laboratory program was
conducted in 2020 to delineate the soil stratigraphy
and characterize the tailings around the perimeter
of the pond. The locations of the CPT, BCPT, eVST,
and sampling are shown in Figure 1. Laboratory
testing was conducted on the samples to measure
the tailings indices, including gradation, solids
content, Atterberg limits, and bulk density.

This paper presents the characterization of the soft
tailings and compares the measured values with
those obtained using empirical correlations.
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OVERVIEW OF THE INVESTIGATION
PROGRAM

The investigation program consisted of a field
investigation and a laboratory testing program. The
field investigation included fourteen sets of CPT,
BCPT, and sonic sampling holes near Boundary
Dyke (Dam 1), and three sets near Exclusion Zone
Dyke (Dam Il), as shown in Figure 1.

CPTs were used to estimate the thickness of the
coke, the undrained shear strength of the soft
tailings, and the properties of the underlying tailings
sand. The cone penetrometer had a base area of
15 square centimeters (cm?), a net end area ratio of
0.8, and an apex angle of 60°. The penetrometer
had a tip capacity of 150 megapascals (MPa), a
sleeve capacity of 1.5 MPa, and a pore pressure
capacity of 50 MPa.

BCPTs were conducted to estimate the undrained
shear strength of the soft tailings at Pond 5. The ball
plan area was 150 cm?, the rod had a plan area of
15 cm?, and the net end area ratio was 0.8. The ball
penetrometer had a tip capacity of 37.5 MPa, a
sleeve capacity of 1 MPa, and a capacity of 20 MPa
for pore pressure transducer.
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Seventeen eVSTs were performed at four test
locations to estimate the undrained shear strength
of the soft tailings at Pond 5. The capacity of the
electric motor was 100 Newton-meter (N-m). The
motor was situated in the extension rod right above
the vane blade. Three different vane blade sizes (up
to 150 millimeter (mm) in height) were used with a
height to width ratio of two. The top and bottom
taper angle of the vane blade was 45°.

Continuous sampling of the soft tailings was
conducted using a drill rig with a sonic drill head and
piston samplers (Aqualock AL50 system). Sampling
started at the top of the soft tailings using samplers
either one- or two-meters long. The samples were
divided into approximately 0.5 m long sections and
stored in sealed containers in the field before
shipping to the laboratory.

Each sample was homogenized in the laboratory
before testing. Dean Stark tests were performed on
each sample to determine the mass of bitumen,
minerals, and water. The minerals (soil particles)
from Dean Stark tests were then washed on sieve
# 325 (45 micrometers (um)) to determine the fines
content (<45 pum). Atterberg limit tests were
performed on the soft tailings samples and bitumen
was removed prior to Atterberg limit tests.

RESULTS AND DISCUSSIONS

A ternary diagram, which is commonly used in
classification of oil sands soft tailings and to indicate
the required degree of dewatering to change the
soft tailings to soil, was used to present the Pond 5
data. Figure 3 shows the Pond 5 soft tailings data
on a ternary diagram by COSIA (2014). The
definitions of the axes used in the figure are
provided in the subsections below. As shown in
Figure 3, the Pond 5 soft tailings are mainly in fluid
state although part of the tailings is close to or has
crossed the boundary from fluid tailings to soil.

Solids Content and Fines Content
Solids content is defined as:

sc mass of bitumen, fines,and sand

total mass of tailings
where bitumen is considered as part of the solids.

Figure 4 shows the solids content profiles measured
for the sampling locations at Pond 5. The solids
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content was between 45% and 70% near the top of
the soft tailings for Dam | and was close to 80% near

the bottom
was higher
surface and

of the soft tailings. The solids content
for Dam Il, with 60% to 80% near the
slightly higher than 80% further down.
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Figure 4. Solids content profiles

Fines content is defined as:

f:

mass of fines and bitumen
mass of fines,sand, and bitumen

Where bitumen is considered as part of the fines.
Other definitions of fines content are sometimes
used in the oil sands industry, but are not presented
herein.

Figure 5 shows the fines content profiles. The fines
content of soft tailings was above 80% at the
surface and was between 20% and 60% towards
the bottom of the sampling locations of Dam |. The
fines content was lower for Dam Il, with 65% to 75%
near the surface and between 20% and 30% near
the bottom of the soft tailings. The trend of
decreasing fines (or increasing sand content) with
depth is typical of slurried deposits with a broad
gradation and is indicative of sand settling through
the matrix.
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Figure 5.  Fines content profiles

Fines-water ratio (FWR) is commonly used to
classify the tailings and estimate the degree of
dewatering. FWR is defined as:

fines water ratio
mass of fines, bitumen

mass of fines, bitumen and water

Where bitumen is considered as part of the fines.

Figure 6 presents the FWR profiles. The FWR was
between 40% and 70% for the soft tailings at
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Pond 5. The FWR ignores the sand in the matrix
and therefore provides a better indication of whether
consolidation or densification is occurring than
solely considering solids content. For example, the
data in Figure 4 shows an increase in solids content
with depth. One may conclude that consolidation is
occurring. However, Figure 5 shows the sand
content increases with depth, likely due to
segregation. The FWR profile in Figure 6 does not
show as clear of a trend (i.e., no evident sign of
consolidation) until down to a depth of 12 m at which
point the FWR increases with depth.

(Fines + Bitumen) / (Fines + Bitumen + Water) (%)
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Figure 6. Fines-water ratio profiles

Unit Weight

Unit weight is required to determine the total stress
accumulated with depth in soft tailings, which can
then be used to estimate effective stress if pore
pressure is known or to be used in other
applications (e.g., CPT data interpretation).

Unit weight can be directly measured using
undisturbed samples. It can also be estimated
through various correlations with CPT data. Mayne
et al. (2010) and Robertson and Cabal (2010)
showed that some CPT correlations provide reliable
estimation of unit weight for soils. Continuous unit
weight profile can be obtained if CPT is carried out.
However, it should be noted that unit weight of oil
sands soft tailings is much lower than soils and the
correlations for soils may not be applicable. There
are other indirect estimation methods using
electrical  resistivity probes, gamma ray
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penetrometers, radioactive isotope modules, and
dielectric measurements, however, they all have
disadvantages, such as specialized device
requirement, appreciable cost, or additional safety
measures (Mayne et al, 2010).

For the current program, unit weight was estimated
using laboratory testing on piston samples. The
mass of minerals, bitumen, and water for each
sample was determined using the Dean-Stark
method. The unit weight of each sample was
estimated using the following equations:

Yb= Pp 9
_ 1
Pb="5C 1-5C
prmb pw
1

G -
mb mass of minerals

(mass of bitumen and minerals)G,
mass of bitumen
(mass of bitumen and minerals)G,

Where the specific gravity of the minerals (Gs) was
assumed to be 2.65. The specific gravity of the
bitumen (Gv) was assumed to be 1.01. The
gravitational acceleration constant (g) is 9.81 m/s2.

Unit weights determined through laboratory data are
considered reliable however, such a method is not
cost effective especially in applications where many
tests are required. During the investigation program,
unit weight was also estimated using the empirical
CPT correlation proposed by Robertson and Cabal
(2010).

qt
Yy, = [0.27[log R;] +0.36 [log (E)] + 1.236] Gs

/2.65

Where qtis the tip resistance. fs is the sleeve friction,
Rf is the friction ratio, (fs/q)100%. pa is the
atmospheric pressure in the same units as qt. rw is
the unit weight of water.

Figure 7 shows the estimated unit weights versus
the Sand to Fines Ratio (SFR). SFR is a commonly
used tailings index to classify the oil sands soft
tailings and is defined as:

mass of sand

SFR

mass of fines
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Figure 7 indicates that the Robertson and Cabal
(2010) method obtained lower unit weight compared
with lab determined values, and the underestimate
could be larger than 5 kN/m? for the soft tailings at
Pond 5.
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Figure 7. Unit weights based on lab data and

CPT data

An exercise was carried out to calibrate the CPT
based unit weight using the lab determined unit
weight. The coefficients in the Robertson and Cabal
(2010) correlation were replaced with A, B, and C,
as shown below.

"Iy, = [A[log Re|+B [109 (%)] + c] G,/2.65

Where Gs considered the presence of bitumen.

The lab determined unit weights were divided into
three groups based on SFR. Figure 8 shows that the
unit weight estimated from CPT data using adjusted
coefficients matched well with that from lab data.
Table 1 summarizes the calibrated coefficients for
each SFR group. In the absence of lab data, the
modified Robertson and Cabal (2010) method can
be used to estimate the unit weight of Pond 5 soft
tailings.

Table 1. Calibrated coefficients for the
Robertson and Cabal (2010) method
Coefficient | SFR<0.3 | 0.3sSFR<1 | 1sSFR<4
A 0.05 0.05 0.05
B 0.22 0.15 0
C 1.65 1.8 2.02
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Figure 8. Calibrated unit weights based on lab

data
Atterberg Limits

Figure 9 shows the Atterberg limits data for the soft
tailings at Pond 5. The soft tailings with higher fines
contents (e.g., SFR < 1) were medium plastic to
high plastic. The soft tailings with lower fines
contents (e.g., 1<SFR<3) were mainly in the low
plastic range. Figure 10 shows the correlation
between liquid limit and SFR. Liquid limit is higher
for lower SFR, but does not show any evident
increase when SFR is lower than 0.1.

80 -
= Dam | U-Line
70 + o Dam I High Plasticity .~
~ " ,/,’ BN [ ] O
.“E 50 | j: &o‘o A-Line
c = )
= 40 - 8
‘© - "
2 30 - - i
© Low Plasticity s '
& 20 - o :
f' | MH or OH
10 4 N '
0 [emi] MLoroL |
0 20 40 60 80 100
Liquid Limit (%)
Figure 9. Atterberg limits of the soft tailings at

Pond 5
Undrained Shear Strength

During the investigation program, the undrained
shear strengths of soft tailings at Pond 5 were
measured in the field using eVST, BCPT, and CPT.
Shear strength was also estimated using empirical
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correlations between undrained shear strength and
liquidity index.
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Figure 10. Liquid limit versus SFR

eVST provides accurate undrained shear strength
measurements since it uses a load cell with digital
data collection system and the load cell is situated
above the vane blade. Figure 11 presents the
measured peak and residual shear strengths of the
soft tailings at Pond 5. The measured peak
undrained shear strengths of the soft tailings ranged
from 0.5 kilopascals (kPa) to 45 kPa. The measured
residual shear strengths of the soft tailings were
between 0.1 kPa and 7 kPa. The measured shear
strength is recommended to be corrected for shear
rate and plasticity index prior to its use in
applications such as slope stability analyses
(ASTM, 2002).

Undrained Shear Strength from eVST (kPa)
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Figure 11. Undrained shear strength of soft

tailings measured by eVST
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BCPT was also used in measuring the undrained
shear strength of the soft tailings at Pond 5. The ball
shaped penetrometer has a much larger equivalent
plan area than that of CPT (e.g., 10 times the area
for cone penetrometer and extension rod).
Therefore, BCPT is much more sensitive to
changes in density and strength. A continuous peak
undrained shear strength profile was obtained using
BCPT test. Remolded (cyclic) tests were carried out
at specific depths over a range of 0.5 m. The peak
and remolded undrained shear strength of BCPT
can be estimated below:

pnet
Su Nball
Where qonet is the net ball tip resistance, Nbai is a
conversion coefficient, which is typically calibrated
using VST, DMT, laboratory testing, or other tests.
Nvan values between 5 and 15 were reported by
Schaeffers and Weemees (2012), Colreavy et. al.
(2010), Boylan et. al. (2007), and DeJong et. al.
(2011). For the soft tailings at Pond 5, an upper
bound of typical Nvai values of 15 was found
applicable for both peak and residual undrained
shear strengths, as shown in Figure 12. Figure 12
only shows the data with qonet below 200 kPa. The
data for gonet above 200 kPa indicated a similar Npai
but is not presented.

The accuracy of CPT in measuring the undrained
shear strength of soft tailings is questionable due to
the lack of sensitivity of the apparatus in very soft
soils or slurries (i.e., relatively large capacity of the
load cells and relatively small end area of the
penetrometer comparing to BCPT). Nevertheless,
in this program, the CPT data was used to estimate
the undrained shear strength of Pond 5 soft tailings
using the equation below as continuous CPT data
profiles were available.

inet
T N
Where qtet is the net cone tip resistance, Nk is a
conversion coefficient, typically in the range of 10 to
20. N« tends to increase with increasing plasticity
and decrease with increasing soil sensitivity
(Robertson and Cabal, 2015). Wroth (1984)
recommended CPT data should be calibrated with
other testing (e.g., VST) for undrained shear
strength estimation. The remolded undrained shear
strength can be assumed to be equal to the sleeve
friction (fs), which is the average shear resistance
around the sleeve of the penetrometer (Robertson
and Cabal, 2015). Figure 13 indicates an upper
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bound of the typical Nkt values of 20 is applicable to
the Pond 5 soft tailings for peak undrained shear
strength estimation. The data for gnet above 200 kPa
indicated a similar N« but is not shown herein. As
expected, the correlation between CPT data and
eVST data are not as good as that for BCPT data
for the Pond 5 soft tailings with very low undrained
shear strength. CPT measurement is expected to
be more reliable when the soft tailings consolidate
and become more soil-like.
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The correlation between the residual undrained
shear strength from eVST and the liquidity index of
the soft tailings was examined against the data
compiled by Beier et al (2013), as shown in
Figure 14. In general, the Pond 5 data matched well
with the data in Beier et al. (2013) and the
correlation proposed by Locat and Demers (1988),
while it is recognized that the variation in undrained
shear strength can be over one order of magnitude
for the same liquidity index. A similar match was
observed for the residual undrained shear strength
estimated using BCPT and CPT data. Therefore, in
the absence of data, the Locat and Demers (1988)
relationship can be used, however, it should be
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recognized that the strength data can vary over an
order of magnitude, particularly at low liquidity index
values.
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Figure 14. Residual undrained shear strength
versus liquidity index

SUMMARY

An extensive field and laboratory investigation
program was conducted to characterize the olil
sands tailings along the perimeter of Suncor’s
Pond 5 and to evaluate correlations between
different testing methods that could be used for
future characterization of Pond 5 soft tailings and
possibly soft tailings at other mine sites.

This paper presents the characterization data,
including solids content, fines content, FWR,
Atterberg limits, unit weight, and undrained shear
strength.

The lab determined unit weight was compared to
that estimated using CPT based correlation
established for soils by Robertson and Cabal
(2010). The empirical correlation by Robertson and
Cabal (2010) was calibrated using the soft tailings
data at Pond 5.

The undrained shear strengths of the soft tailings at
Pond 5 were measured using eVST, BCPT, and
CPT. The strength measured by eVST was
considered to be representative of the field strength.
The BCPT and CPT data was calibrated against the
eVST data, where a Nvai of 15 was applicable for
BCPT and Nk of 20 was suitable for CPT. Also, the
empirical correlation between residual undrained
shear strength and liquidity index proposed by Locat
and Demers (1988) was found valid for the Pond 5
soft tailings, although the data is scattered to some
extent.
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ENHANCED IN-LINE FLOCCULATION OF FFT
AND ITS CO-DEPOSITION WITH CST

Reza Moussavi Nik, and Givemore Sakuhuni
Imperial Oil — Calgary, Alberta, Canada

ABSTRACT

Imperial piloted an advanced fluid tailings treatment
technology using an enhanced chemistry regime in
two phases. Phase 1, conducted in 2019, compared
the performance of “Enhanced In-Line Flocculation”
(elLF) treatment of FFT (consisting of flocculant,
colloidal silica, and coagulant) with a single
flocculant treatment. Two test cells, each covering
an area of about 80m by 15m and a depth of about
2.5 m were built and instrumented, and the FFT
amended by each treatment method was poured
into them. The resultant deposits were monitored for
one year. Comparison of the data obtained from site
investigation and instrumentation indicated superior
performance of the elLF treatment.

Phase 2 of the pilot, conducted in 2020, focused on
co-deposition of elLF treated FFT with coarse sand
tailings (CST) using two different discharge
methods (spigots and single pipe). The main
objectives of Phase 2 pilot were to evaluate the
fines capture and distribution achieved by each
discharge method, and to understand the
operational requirements associated with each
scenario. The present paper provides a summary of
the learnings from each pilot.

INTRODUCTION

Background

At Kearl, Imperial’s oil sands mining operation,
thickeners are utilized to reduce FFT accumulation
by combining FFT and Flotation tailings into settling
vessels where a polymer (i.e. flocculant) is added.
The thickened underflow is treated once more with
a flocculant before deposition into the thickened
tailings (TT) panels, a dedicated terrestrial area for
TT storage. Left as is, most of the TT material
should achieve the reclamation criteria set out by
Imperial’s Directive 085 Tailings Management Plan,
which was submitted to the Alberta Energy
Regulator (AER) in 2016.

Additional fines treatment technologies are required
in order to keep Kearl’s FFT profile flat. One of these
technologies, developed internally at Imperial, is
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elLF (enhanced In-Line Flocculation). In 2010,
Imperial began developing the elLF technology
using Chemically Induced Micro-Agglomeration
(CIMA) chemistry as an alternative to thickening
(Lin et al.,, 2013). The CIMA recipe chemically
agglomerates the clay particles via aluminosilicate
bonds, creating a material with higher solids content
and enhanced dewatering compared to single-
polymer treatment. The silicate also acts as a binder
that provides deposit strength after initial
dewatering. Another major advantage of CIMA is
that it allows a much wider operating window for
feed, meaning it can handle process fluctuations
much better than traditional in-line flocculation
technologies. CIMA was scaled up successfully in
2013 at the Saskatchewan Research Council (SRC)
where its deposition behavior was investigated in 10
m?® flumes. An improved performance (versus
single-polymer treatment) was observed for solids
content, strength gain, and enhanced ability to
condition the incoming feed. As such, it was
concluded that the next phase of elLF development
would require a field pilot.

In 2018 a modification on the CIMA technology
(Enhanced inline flocculation [elLF]) involving
changing the order of chemical additives was
implemented to enable piloting the technology at
Kearl (Sakuhuni et al., 2021). The main difference
between CIMA and EILF is that whilst CIMA
requires long conditioning time of the chemicals,
elLF requires short conditioning time which enables
use of shorter pipe lengths between chemical
additions. Figure 1 shows the difference between
the CIMA and elLF chemicals treatment
technologies.
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chemical treatment process

The Enhanced In-line Flocculation (elLF) trial was
conducted in 2019 treating FFT from the TT panels
(SFR 0.3) and it demonstrated successful deposit
performance (improved deposit strength and
release water clarity) for treating FFT using the
three chemical treatment (polymer, colloidal silica
[CSi] and Aluminum Sulfate [ALS]) in comparison to
the single flocculant treatment. Phase 2 elLF pilot
was conducted in 2020 treating WETA FFT (SFR
0.01) and co-depositing the treated elLF tailings
with CST. Two discharge methods (Single pipe and
spigots) were evaluated. The results demonstrated
feasibility of co-depositing treated elLF FFT with
CST. The following sections provide further details
on each field trial.

2019 elLF PILOT

Objectives

The 2019 pilot was focused on comparing two
different tailings treatment as shown in Figure 2:

- A base case of using a single flocculant to
treat FFT (typical of in-line flocculation
[ILF]); and,

- An enhanced ILF (EILF) treatment which
utilizes a three chemical combination
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(flocculant, colloidal silica and coagulant) to

treat FFT.
The flocculant used was a PAM polymer, which was
very similar to the PAM that was approved for
secondary chemical treatment of TT. The coagulant
was aluminum sulfate and the colloidal silica
functioned as a binder in this chemical treatment
system.

The objectives of the pilot were as follows:
1. Monitor the deposit performance and

evaluate the robustness of both treatments
to fluctuations in the feed;

2. Validation of enhanced chemistry for FFT
treatment in a thin lift deposition; and,

3. Comparing the deposit performance (net
water release, strength, fines capture and
segregation) of the single flocculant to the
three chemical treatment.

Flocculant
Cell1 (Polyacrylamide Polymer)
FFT from Deposit
TT Panels Cell 1 (Base Case)
Flocculant
Cell 2 (Polyacrylamide Polymer)

FFT from
TT Panels

Deposit
Cell 2 (Three chemical system)

Coagulant (Aluminum Sulfate)
+ Colloidal Silica

Figure 2. High level flow chart of the 2019 pilot

Deposition

The single flocculant (ILF) and three-chemical
(elLF) treated FFT streams were deposited into two
purpose-built cells located outside of the TT panels
within the ETA footprint. Figure 3 shows aerial
photos of the two cells, about six days after
completion of the pour.

Both cells were approximately 120 to 140 m long by
33 m wide at the surface and varied in depth from
25 to 55 m. The base of the cells were
approximately 80 m long by 15 m wide and sloped
at 2% along the length. The soil material at the base
was sand and clays. A volume of about 1000 m? of
treated FFT was poured into each receptive cell
within one day.
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the position of discharge outlet at each cell.

Monitoring Plan — 2019 Pilot

A surveillance plan was developed to monitor the
key performance indicators of the process and
deposit during the pilot. The plan leveraged readily
available instrumentation (inline for the process,
and clusters of instruments installed on two posts in
each cell for monitoring the deposit). In addition,
field sampling combined with laboratory testing of
the samples, and visual, videographic and
photographic monitoring was also carried out during
deposition.

The key process indicators monitored during the
pilot included:

- FFT characterization (solids content, MBI,
clay content, bitumen content, particle size
distribution);

- Dilution water characterization;

- Treated FFT solids rate, flowrate and
density;

- Treated FFT Sand to Fine Ratio (SFR);

- Chemical dosage;

- Capillary suction time; and

- Net water release.

The key deposit indicators monitored during the
pilot were solids content, SFR, shear strength, pore
water pressure dissipation, settlement, and release
water characterization.

Below is the summary of operating conditions for
each cell:

Figure 3 - Aerial Photo of the two test cells (six days after completion of the pour). The arrows show
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Cell 1 (ILF) - Single flocculant

The feed solids content range was between
25-30 wt.% and dilution of the feed to 16-25
wt.% was not feasible due to pump
limitations.

Average feed MBI was 7.3 meq/100 g of
solids; bitumen content was 1%wt, and
SFR was 0.3.

The feed flow rate was in the range of 200-
220 m®/hr.

In order to monitor performance, KPIs were
measured including Capillary Suction Time
for both solids and release water, net water
release (NWR) and vyield stress. The
strategy was to maintain polymer dosage
throughout the deposition process in order
to evaluate the robustness of the treatment
to fluctuations in feed properties. Therefore,
polymer dosage was maintained constant
despite achieving KPI targets. The targeted
KPIs were met initially but as the deposition
continued, Capillary  Suction  Time
measurement indicated polymer overdose.
As the KPIs continued to fail during the
deposition, the flocculant dosage had to be
adjusted to match required dosage.
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Cell 2 (elLF) — Three chemical treatment

- The injection rate for all the chemicals
remained constant throughout the process.

- The feed solids content range was between
30-35 wt.%, and dilution of the feed to 16-
25 wt.% was not feasible.

- Feed flow rate was 200-220 m3/hr for the
first one hour of the pilot and dropped to 180
m3hr to simulate the feed fluctuation
without adjusting the dosages.

- All the KPIs (Capillary Suction Time,
strength, NWR) met the target ranges
throughout the deposition process without
any adjustment to the chemicals dosages.

Release Water Analysis — 2019 Trial

Release water samples were taken from both cells
during deposition and submitted to a local

laboratory for water chemistry testing. The release
water (Figure 4) from elLF treatment was observed
to have significantly higher clarity but had higher
dissolved metals.

Figure 4. Release water samples collected form
the ILF and elLF cells during
deposition.

Whilst the results showed differences in water
chemistry between the two treatments, the actual
impact on pond water chemistry is dependent on
dilution, clay cationic exchange reactions and
thermodynamics equilibrium, which were evaluated
using OLI water modeling software. Figure 5 shows
results for OLI modeling results for divalent cations.
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Figure 5. OLI modeling results comparing pond
water chemistry with and without
elLF release water inflow to the pond.

Deposit Performance — 2019 Trial

The tailings deposits in the two cells were monitored
during the pour and for one year after the pour.

A scaffolding and platform system with sampling
ports/openings were assembled in both cells to
allow safe access to the deposits during the site
investigations (visible in Figure 3). An initial site
investigation program was conducted about ten
days after the pour. This included in-situ tests of ball
cone penetration (BCPT) and vane shear tests
(VST) at three locations along each deposit, also
core sampling from five to six locations along the
cell. A second site investigation was conducted
about one year after the pour, to evaluate the effect
of freeze-thaw and evaporation on variations of
solids/water content and strength of the deposits.

Two instrumentation posts/clusters were installed
within each cell prior to the tailings pour to enable
continuous monitoring of the water content,
temperature and pore-water pressure of the tailings
deposits during pour and afterwards.

2019 Pilot Results and Observations
Cell 1 (Single flocculant treatment):

Figure 6 shows an image of Cell 1 (ILF) during the
pour of tailings treated with a single flocculant. The
tailings deposit was observed to form a gentle slope
of about 2% and to spread relatively evenly along
the cell length and across the width. Multiple small
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channels and few erosion gullies were observed, - :

directing the release water towards the edges and *_‘, __’. - g
downstream of the cell. A large pond (covering over i e et PR
1/3 of the cell area) was formed at the downstream. 25 B
Figure 7 shows the appearance of deposit in Cell 1
less than 24 hours after the pour. A thin layer water
still appeared on surface of the deposit and traces
of bitumen delineated the erosion gullies/channels.

Cell 2 — elLF (Three chemical treatment):

Figure 8 shows an image of Cell 2 (elLF) during the
pour of tailings treated with three chemicals.
Formation of a series of narrow/shallow channels
was observed on the deposit surface, originating
around the discharge area and evenly distributing
across the width. These channels conveyed the
release water towards the edges and front of the
deposit. The surface of the deposit looked more
‘solid’ compared to Cell 1. As depicted in Figure 9,
less than 24 hours after the pour, dry looking zones
and crack formation could be observed on the i .
surface of the deposit. The ponded water at the : : B
downstream of the cell was observed to recede a
few hours after the pour, indicating potential
infiltration into the cell base due to higher
permeability of the tailings material. As shown in
Figure 10, this hypothesis was confirmed at the lab
by conducting funnel tests on treated FFT: elLF
treated FFT showed better water drainage
confirming a more porous structure. (The raw FFT
used in this lab test was from the same source as
field trials).

Figure 7. View of Cell 1 approximately 15 hours
after ceasing pour operations.
Surface of the deposit looks wet and
stains of bitumen delineate the
erosion gulley.

” >

Figure 8. View of the tailings pour in Cell 2.
Evenly distributed channeling can be
observed.

et

Figure 6. View of the tailings pour in Cell 1.

Dominant channeling can be observed
on the South side of the cell.

%

Figure 9. View of the East Cell approximately 15
hrs after cease of pour operations.
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24 hours after pour

30 min after pour

Figure 10. Funnel tests on ILF and elLF treated
FFT, indicating higher permeability
as a result of elLF treatment

Deposit Characterization — 2019 Pilot

Three days after the pour, the release water was
pumped off from the two test cells. The objective
was to evaluate the volume of release water from
each cells and to collect additional water samples
for turbidity measurements and chemical analysis.
Figure 3 shows an aerial view of the two test cells
after pumping off the majority of release water.

Surface of the tailings deposits was surveyed about
six days after completion of the pour. The objective
was to evaluate the thickness and volume of the
deposits in the two test cells.

Eight days after completion of the pour, a site
investigation program was started at the two test
cells. A third party vendor supported the
investigations by conducting core sampling and in-
situ shear strength testing (BCPT and VST). The
samples from the field investigation were tested at
a third party vendor laboratory for index testing
(including particle size distribution (PSD), Dean-
Stark analysis, MBI, specific gravity and solids
content).

Deposit Profile and Solids Content — 2019 Pilot

Cross-sections of the tailings deposits in the two
test cells were prepared using the survey data. It
was observed that the deposit at Cell 1 (ILF) formed
a gentle slope of about 2% and a relatively uniform
thickness along the cell, while the deposit in Cell 2
(elLF) formed a steeper slope of ~ 5.4% at the
discharge location (i.e. thicker deposit at upstream),
converting to a gentler slope of ~2% (resulting in a
thinner layer downstream).

The solids content profiles at different sampling
locations for each cell were also prepared. The
solids content values for the upstream of Cell 1 (ILF)
were varying from 51% to 59% from top to bottom
of the deposit 8 days after the pour, while the
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upstream of Cell 2 (elLF) deposit showed a solids
content variation of 61 to 67% from top to bottom 11
days after the pour. Considering the slightly higher
thickness of deposit at the upstream of Cell 2, this
difference in solids content indicates higher
permeability and better dewatering of tailings in Cell
2 as a result of the three chemical treatment. The
average solids content of the Cell 1 and Cell 2
samples were 56.1% and 59.4%, respectively.

Variations of strength — 2019 Pilot

Peak Shear Stress values from the Vane tests were
significantly higher in the elLF Cell (~ 6kPa)
compared to the ILF Cell (1.5 to 2 kPa). Pore
Pressure dissipation tests indicated a more porous
deposit in elLF Cell (i.e. higher permeability
resulting in higher dewatering rate).

Another site investigation was conducted about one
year after the pour to evaluate the consolidation and
strength gain after one freeze-thaw and evaporation
cycle. Table 1 shows the variations of average
solids content in each cell after one year. The shear
strength of both deposits had also improved after
one year, due to combined effect of consolidation,
freeze-thaw and evaporation.

Table 1 — Variations of average solids content in
Cells 1 and 2

Average Solids Content (%)

Test Cell ~10 days after | One-year after
pour pour

Cell 1 (ILF) 56 69

Cell 2 (elLF) 60 78

2020 Pilot — Co-Deposition of elLF treated FFT
and CST

Following successful completion of the 2019 pilot
and the improved performance observed for the
elLF treated FFT, a follow up pilot (Phase 2) was
conducted in 2020. Phase 2 pilot focused on
learning about co-depositing elLF treated FFT with
coarse sand tailings (CST) to generate a deposit
with a sand-to-fines ratio (SFR) of 3 to 5. The target
average SFR can be chosen a lower value in
commercial operations, depending on the final
depth and expected consolidation time and desired
fines storage efficiency of the tailings deposit. It is
anticipated that co-deposition of elLF treated FFT
with another sandier tailings stream (e.g. CST, TT)
will generate a deposit with higher SFR that will
consolidate at a shorter time frame, and as a result,
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will accelerate closure and reclamation, and will
reduce the need for fresh water import.

The flocculant (PAM polymer) used during the 2020
co-deposition was similar to the PAM polymer

utilized for the secondary injection system in the
thickening process, and the coagulant and binder
were similar to the 2019 pilot (i.e. aluminum sulfate
and Colloidal Silica).

Figure 11. Aerial view of Cell 1 (co-deposition by spigots): (a) Prior to tailings pour;
(b) Three days after completion of tailings pour

Figure 12. Aerial view of Cell 2 (co-deposition by single pipes): (a) Prior to tailings pour;
(b) Two days after completion of tailings pour

Based on the 2019 trial experience, the enhanced
chemistry  treatment  resulted in  robust
agglomerates of fine particle that maintain their
integrity during pipeline transport and at discharge.
Co-deposition of treated FFT with sand is expected
to capture more fines, either in the void space of the
sand matrix, or as individual layers, and result in a
deposit with better dewatering and strength

characteristics compared to a fines dominated
deposit.

The objectives of the Phase 2 pilot were as follows:

- Compare two different discharge methods

(spigots versus single pipe) for co-
deposition of treated FFT and CST
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- Identify the operational challenges
associated with co-deposition of the two
streams at field scale

Feed Characteristics — 2020 Pilot

The feed FFT for the 2020 trial was from West
External Tailings Area (WETA) with the following
average characteristics:

- MBI =10.4 meqg/100 g of solids

- Bitumen content = 0.6%wt

- Clay content was about 75%.

Deposition

The CST and treated FT streams were co-deposited
into two open-ended cells located in the non-
structural zone of the beach within East ETA.
Approximate dimensions of the two test cells, along
with position of the CST and elLF discharge lines
are shown on aerial photos of the cells in Figures
11(a) and 12(a). The design specifications of the
cells were as follows:

Cell 1 (Discharge by spigots):

- Base width: 220m

- Average slope of the cell base: 2%

- Spacing between treated FFT spigots: 32 to
36m

- Spacing between CST spigots: 32 to 36m

- Spacing between each CST spigot and its
adjacent treated FFT spigot: 16m to 18m

Cell 2 (Discharge by two single pipes):
- Base width:120m
- Average slope of the cell base: 1.5%
- Distance between the single treated FT
pipe and single CST pipe: ~60m

Treated FFT was poured continuously during the
deposition period into each Cell, and CST was
poured intermittently (based on a designed pour
schedule) to ensure achieving an overall SFR of 3
to 5 for the feed to the cells.

Monitoring — 2020 Pilot

A field investigation was completed about 14 days
after completion of the pour to run in-situ tests (CPT
and VST) and to collect representative samples
from the deposits). No in-situ instrumentation was
installed in the cells for long term monitoring of the
deposit, because the test area could not to be
maintained beyond three months after the tailings
deposition due to the need for CST pour in the area
during dyke construction activities.

The CST and FFT flow rates were recorded using
in-line flow meters and the density was measured
using an in-line density meter. To optimize the
process parameters for dosage and mixing
requirements, during the commissioning FFT
samples were collected from the pipeline and
analyzed at the Kearl lab. The main KPIls measured
for chemical optimization was the structure of the
flocs by visual observation and the capillary suction
time.

Based on the measured KPls, the dosages were
adjusted to obtain the required performance. This
exercise was critical to optimize the process
parameters to achieve an on-spec deposit.

The deposit build-up was monitored by visual
observation, time-lapse photography  and
videography. Also, a handheld LiDAR scanner was
utilized to determine the deposit thickness during
the pour. This information was used to adjust the
pour duration and to ensure a thick enough beach
for site investigation was formed.

A tailings pour schedule, identifying the required
durations of treated FFT and CST pour to obtain an
average SFR of 3 to 5, was designed for each cell.
Tailings operations followed the designed schedule
and recorded the durations (i.e. start and end times)
of the pour into the cells. This information was used
to calculate the total mass of fine and sand fractions
poured into each cell. Tables 2 and 3 provide total
volume of tailings and mass of sand and fines
poured into Cells 1 and 2. As indicated in the tables,
the average SFR of the feed (FFT+CST) into Cells
1 and 2 is equal to 3.96 and 4.26 accordingly.

Table 2- Volume and mass of sand and fine
tailings poured into Cell 1

Parameter Treated FT | CST
Total Volume (m3) 29,384 46,891
Average Solids Content | 14.51 58.89
(Yowt.)

Mass of solids poured 5,676 43,598
(tonne)

Average Fines Content | 96% 12%
(>44m)

Fines mass (tonne) 4,504 5,232
Sand mass (tonne) 181 38,367
Average SFR of the 3.96

feed to Cell 1
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Table 3 - Volume and mass of sand and fine
tailings poured into Cell 2

Parameter Treated FT | CST
Total Volume (m3) 38,993 80,021
Average Solids Content | 15.8 59.6
(Yowt.)

Mass of solids poured 6,832 75,772
(tonne)

Average Fines Content 96.7% 12%
(>44m)

Fines mass (tonne) 6,606 9,093
Sand mass (tonne) 225 66,679
Average SFR of the 4.26

feed to Cell 2

Figure 11 (b) shows an aerial views of Cell 1 about
three days after completion of treated FFT and CST
co-deposition. An aerial survey was conducted
before and after the pour, and the thickness of co-
deposited beach was determined to be between 0.4
m to 1.25 m.

Figure 12 (b) shows aerial view of Cell 2 about two
days after completion of treated FFT and CST co-
deposition. The thickness of co-deposited beach in
Cell 2 was determined to be between 0.5 m to 1.75
m. In this figure, the dotted redline marks a dry dyke
in Cell 2 that was constructed by field operations
during the first hour of the tailings pour. The intent
was to direct the treated FFT towards the CST
outlet, to ensure interaction of the two streams.

Pilot Results — 2020 Trial

A geotechnical site investigation program was
conducted at Cells 1 and 2 about two weeks after
the completion of the pour and was concluded in
about 11 days. The objectives were to:

- Collect representative samples across the
tailings deposits to characterize the solids
and fines content.

- Run in-situ tests (Cone Penetration and
Vane Shear) to assess the variations of
strength across the deposits.

A parky piston sampler was used to collect relatively
undisturbed samples. The sample cores collected at
each location were sub-divided into ~30cm
segments and each were tested to determine the
solids content and fines content/SFR. The test
results were then used to calculate the weighted
average solids content and SFR at each sampling
location.
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SFR and Beach Fines Capture in Cell 1

(Discharge by Spigots)

Figure 13 illustrates the variations of weighted
average solids content in Cell 1. In-situ peak and
remolded shear strength values at select locations
of the deposit are shown in Figure 14 (peak values
shown in blue and remolded values in red), overlaid
on the SFR distribution map. The average SFR for
the whole deposit in Cell 1 is equal to 4.95.

The following observations can be made from
Figures 13 and 14:

In Figure 13, except for a small zone in the north
eastern part of the deposit (~15m diameter, shown
in violet), the rest of the deposit had a solids content
higher than 65% at the time of investigation. The
average SFRin the identified small zone is less than
1 (see Figure 14) and the peak and remolded shear
strength values measured by vane are the lowest
across the cell (1.87 kPa and 1.54 kPa
respectively), indicating generation of a small softer
zone. In operational scale, generation of such zones
can be reduced by annual monitoring of the deposit
and alternating the CST pour and discharge
locations.

The central zones with lower SFR of 1.3 to 2 have a
solids content higher than 75%. Considering that
the site investigation was conducted about two
weeks after completion of the pour, this means that
this zone has enough time to consolidate and gain
enough strength to allow reclamation in a
reasonable time frame.

This co-deposition method has resulted in a deposit
with an average fines content of ~20%, which is
significantly higher than the fines content of regular
CST beaches.
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Figure

Calculated Fines Capture in Cell 1:

Fines capture was calculated by using the simplified
method suggested in the COSIA Beach Fines
Capture Study (AMEC, 2013):

Fi ture = SFRs o 100%
mes cap ure = SFRD 0

(Equation 1)
Where SFRb is the sand to fine ratio of the beach;
and SFRs is the sand to fine ratio of the tailings
stream. The SFR calculation is based on the
percent finer than 44 microns. The fines capture
parameter assumes all the sand in the tailings
stream is retained within the beach deposit and only
the fines and water flow away into the pond.
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As indicated in Table 2, the average SFR of the feed
into Cell 1 is equal to 3.96. Therefore:

Fines Capture in Cell 1 = 3.96/4.95 = 80%

This is higher than the fines capture in beaches of
commercial scale ETFs and the commercial scale
co-disposal case listed in the COSIA Beach Fines
Capture Study (AMEC, 2013). Considering the
limited duration of the pour in this trial and the
additional operational controls, this value shows a
potential upper limit of fines capture for co-
deposition with spigots and the actual fines capture
rates in full scale operations could be lower due to
variations of the feed and upset conditions.

in Cell

SFR and Beach Fines Capture 2

(Discharge by Single Pipes)

Figure 15 illustrates the variations of weighted
average solids content in Cell 2. In-situ peak and
remolded shear strength values at select locations
of the deposit are shown in Figure 16, overlaid on
the SFR distribution map (peak values shown in
blue and remolded values in red). The average SFR
for the whole deposit in Cell 2 is equal to 5.05.

The following observations can be made from
figures:

In Figure 15, the solids content of the deposit at the
south part of Cell 2 (close to the treated FFT
discharge point) is varying from about 44% to 55%.
The SFR values for this zone, shown in Figure 14,
change from 0.04 to <1, indicating generation of a
soft fines dominated zone.

In Figure 15, the solids content of the north western
part of the deposit (close to the CST discharge
point) is higher than 85%. The SFR values for this
zone, shown in Figure 16, change from 7 to about
13, indicating generation of a low fines content CST
beach. Intermixing of the two streams at the central
parts of the cell has generated a deposit with an
average SFR between 2 to 5 and weighted average
solids content of about 70% to 80%.
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Similar to Cell 1, this co-deposition method has
resulted in a deposit with an average fines content
of ~20%, which is significantly higher than the fines
content of regular CST beaches and allows taking
advantage of the void space between sand particles
for storage of fines. However, use of two single
pipes rather than spigots has generated a fines
dominated zone close to the treated FT discharge
area, and in general a lower SFR material in the
southern part of the cell and a higher SFR material
in the northern part. This suggests that on an
operational scale, interchanging CST and treated
FFT pour locations might provide better co-
deposition.

Also as shown in Figure 12 (b), operations had to
build a dry dyke to direct the treated FT stream
towards CST and ensure mixing of the two streams.
Construction of such a dyke could be challenging on
a soft deposit in commercial application. Alternative
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methods to encourage mixing of the two streams
should be explored.

Calculated Fines Capture in Cell 2:

As indicated in Table 3, the average SFR of the feed
into Cell 2 is equal to 4.26. Using Equation 1:

Fines Capture in Cell 2 = 4.26/5.05 = 84%

It should be noted that entrance of the tailings from
Cell 1 into the eastern part of Cell 2 changed the
topography of the cell base and altered its open
ended design. This back-end effect has increased
the fines capture beyond the values that would be
expected in field scale operations.

CONCLUSIONS

The enhanced in-line flocculation (elLF) shows
superior performance compared to single polymer
treatment of FFT and is more robust to fluctuations
of feed characteristics.

The co-deposition of elLF treated FFT and CST
using the spigot and single pipe discharge methods
showed promising results with respect to fines
content and fines capture in the resultant beaches.
Entrapment of fines (either as fine layers within
coarser tailings layers, or as fine
particles/agglomerates within the void space of
coarse tailings) reduces the volume of fines
dominated zones, and accelerates closure. The
spigot discharge system generated relatively a
more uniform deposit. The single pipe discharge
method generates a soft fines dominated zone
close to the FFT discharge point, which can be
managed by alternating the CST and FFT discharge
points in operational scale.

Imperial will consider the findings of these trials for
increasing the fines capture efficiency and
enhancing the reclamation timeline in tailings
deposits.
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ABBREVIATIONS

AER: Alberta Energy Regulator

CIMA: Chemically Induced Micro-Agglomeration
CST: Coarse Sand Tailings

elLF: enhanced In-Line Flocculation

ETA: External Tailings Area

ETF: External Tailings Facility

FFT: Fluid Fine Tailings

ILF: In-Line Flocculation

TT: Thickened Tailings

WETA: West External Tailings Area
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CONE FORMATION DYNAMICS DURING DREDGING OF OIL SANDS
TAILINGS PONDS - FIELD OBSERVATIONS AND COMPARISON WITH

PREDICTION OF COMPUTATIONAL MODELS

Trevor Bugg, Taryn Bittner, and Babak Derakhshandeh
Suncor Energy Inc., Calgary, Alberta, Canada

ABSTRACT

In this paper we provide a comprehensive
overview of cone formation dynamics during
dredging of fines dominated oil sands tailings
ponds. Prediction of computational fluid dynamics
models (CFD) will be compared with field scale
data collected from dredging of several different
ponds at Suncor's Baseplant operations. Impacts
of pond rheology, depth, density and dredge
operating variables on the extent and the rate of
density reduction in outflow from the commercial
assets will be reviewed. We will show that shallow
ponds and/or those with a high rheology inventory
exhibit a rapid cone formation requiring frequent
asset relocation every 2 weeks to 2 months
depending on the available dredging depth.
Deeper ponds with a low rheology inventory exhibit
slow dynamics with cone formation rates of
approximately 5 to 15 times slower than other
ponds. Comparison between commercial scale
data and those predicted by the CFD models
indicate that computational models consistently
over-predict the size of cones formed and, hence,
underpredict the rate of cone formation, potentially
due to numerical limitations and complexities
involved in incorporation of density and rheological
models capable of representing the non-
homogenous ponds. Furthermore, real world
variables such as the pond geometry, nearby
dykes, multiple dredge operations, and tailings
inflow cannot be captured reliably in CFD leading
to mismatch between the model predictions and
cone formation dynamics at commercial scale.
Based on the work performed by Suncor, it is
concluded that CFD models can only provide
directional information for planning purposes and
should not be used to accurately predict cone
formation at commercial scale.

ACRONYMS AND DEFINITIONS

CFD — computational fluid dynamics
CWR - mass of clay to mass of water ratio
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Mudline — the sharp interface boundary between
the fluid tailings deposit and the watercap in a
tailings pond

BACKGROUND

Dredging is typically undertaken in oil sands
tailings to manage fluid containment in a pond by
transferring tailings from one pond to another, or to
provide volume to support tailings treatment
operations. The industry has historically
experienced challenges sustaining predictable and
long-term dredging operations in oil sands fluid
tailings. Frequently, a rapid decrease in dredged
fluid tailings density occurs, requiring unplanned
and frequent on-pond dredge asset relocations to
achieve desired fluid tailings quality and dredging
objectives.

Fines dominated oil sands tailings are viscoplastic
suspensions possessing a yield stress and a time-
dependent flow behavior referred to as the
thixotropy. Tailings exhibit slow dynamics, ageing
and shear banding like those observed in colloidal
suspensions (Derakhshandeh 2016) (Adeyinka
2009). The unique rheology of tailings combined
with the non-homogeneity of their properties in the
pond contribute to the experienced challenges in
oil sands dredging operations. Tailings withdrawal
at a consistent density or solids content is often not
possible for long periods of time due to formation
of a “cone” resulted by the breakthrough of the
surface water to the pump’s inlet at depth in the
tailings deposit. Once a cone is formed, the
effective density of the harvested material will be
lower due to dilution with surface water.

Coning is not specific to the oil sands operations.
Cone formation in a two-layer fluid system is a
classical fluid mechanics problem that has been
the subject of various academic studies in the past.
Cone formation in oil reservoirs has attracted the
most attention in the field, where oil extraction
imparts an upward driving force on the underneath
water layer creating an upward cone towards the
ground surface. Experimental methods and semi-
empirical approaches have been used to specify



I0OSTC 2022, Edmonton, AB - December 4-7, 2022

the production rates that define the onset of coning
for specific geometries (Wojtanowicz 2019). Such
studies cannot be applied to the tailings/water
systems given differences in the physics, the
rheological behaviors of the fluids (Newtonian vs
non-Newtonian) and the boundaries defining the
system (closed in the case of a reservoir vs free
surface in the case of tailings ponds).

The only approximate theoretical analysis of
coning in tailings has been provided by Rayland
and Shook (Shook 1996). Semi-empirical
relationships were developed to predict the onset
of cone formation as a function of tailings
properties and the depths of the fluid layers. The
relationships developed by Rayland and Shook
provide the steady-state solution of the problem
and ignore the time-dependent rheological
behavior of tailings as well as the combined
impacts of shear-thinning and vyield stress on
coning behavior.

Application of CFD modelling to oil sands tailings
coning has been found to provide only “directional”
information incapable of accurately predicting the
field-scale behavior, likely due to the way the
models are developed or the method by which
rheological variation in the pond is incorporated
into the computational models.

CFD has been employed by Suncor to predict
dynamics of cone formation in 4 tailings ponds with
different configurations and fluid tailings properties
at Suncor's Baseplant facility. Field-scale
experimental data has also been collected during
operations to evaluate the capability of the CFD
models in predicting large scale coning behavior.
This paper provides a summary of the main
conclusions from these studies. A comparison
between experimental data and CFD models will
be provided and important variables in control of
large-scale cone formation dynamics will be
presented.

DEVELOPMENT OF CFD INPUTS

Pond Assessments & Properties

Tailings pond volumes and properties are
assessed annually, which includes analysis and
modelling of field data. Samples from the pond are
collected for compositional analysis, as well as
several downhole tools are used to obtain material
properties. Statistical and geospatial analysis is
conducted on the field data to develop a block
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model representation of the pond and fluid tailings
properties. The mudline of the oil sands tailings
deposit is measured using a sonar survey where
there is a watercap or by an aerial survey such as
LiDAR, air photo, or satellite image interpretation
where there is no water cap. Data from these
pond assessment models were used both as
inputs, pre-dredging, to the CFD coning
simulations, and, post-dredging, as comparison of
field observations to CFD predictions.

The 4 different tailings ponds evaluated in this
study are: Pond A — a shallow pond with lower
rheology tailings; Pond B — a deep pond with deep
dredging of lower rheology tailings; Pond C — a
deep pond with relatively shallow dredging of high
rheology tailings; and Pond D — a deep pond with
planned deep dredging of high rheology fluid
tailings. It should be noted that dredging in Pond D
has not yet occurred and CFD predictions only are
available for comparison to the other three ponds.
See Table 1 for a comparison of pond properties.

Table 1. Comparison of Pond Properties

Dredging % Fluid
6m Low

Pond A Shallow High Medium

Pond B Deep 21m High Medium Low
Pond C Deep 13m High High High
Pond D Deep N/A High High High

Cross sections from the pond block model are
used to compare pond properties with depth along
a vertical plane in one direction across the pond.
The cross-section comparisons for Clay to Water
Ratio (CWR) are shown in Figure 1 and for solids
content by weight percent in Figure 2 for each of
the 4 ponds assessed in this study. The depth
scale (y-axis) in Figures 1 & 2 are consistent
between the 4 ponds to illustrate the relative
differences in pond depth. The color heatmap for
CWR and solids content shown in Figures 1 and 2
are also consistent between the 4 ponds for
comparison. The properties range for the heat
map are provided in Figures 3 and 4.
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Composition Correlations

ANSYS Fluent, 2016 CFD software was used for
CFD modelling. The ponds were modelled in two
dimensions of radius from dredge location and
depth in the pond with an assumption that the
pond is axi-symmetric. A modelling domain of
1500m radius was used. Modelled pond depth,
dredging depth, and dredging flowrate were set to
expected field operating conditions specific to each
pond. Pond and dredge depth are provided in
Table 1, with the notable exception that, for Pond
C, a dredging depth of 13m was realized in
operations versus CFD modelling basis of 6m
depth. Modelled flowrate was varied between
2200m3/hr and 5000m3/hr reflective of the size of
the dredging asset planned to be used in
operations in each specific pond. From the pond
assessment data, for each of the 4 ponds, an
average compositional profile versus depth was
developed for clay mineral, non-clay mineral, and
water content. Rheology correlations for static
yield stress, and viscosity were also produced from
lab measurement of samples from each of the
ponds. These correlations were used as initial
starting conditions (pre-dredging) for the CFD
simulations.

As shown in Figure 2, there is uniformity or only
small, gradual change in solids content versus
depth across the multiple sample locations and
cross section within each pond. This provides
confidence in the representativeness of
correlations used for CFD modelling for water and
total mineral content. However, as illustrated in
Figure 1, CWR versus depth within individual
ponds is non-homogenous and varies quite
significantly between sample points, driven by
variability in clay content in the pond. This
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variability in clay is created by the depositional
history including type and locations of different
tailings inflows, along with any previous dredging
history in the pond.

Rheology Correlations

Fluid tailings samples from the pond assessment
program from Ponds A, B, and C were measured
in the lab for yield stress and plastic viscosity to
develop rheology models for input to the CFD
software. Samples were allowed to sit,
undisturbed, for greater than 2 months prior to
rheology measurements to allow for stabilization of
rheology after disturbance from sample collection
and shipping operations. Specifically for Pond C,
periodic rheology measurements over time were
taken on a subset of samples to verify rheology
conditions had reached steady state and no further
meaningful time-dependent strength gain was
occurring, prior to analyzing the samples.

Pond A and B, being lower density, actively
consolidating tailings ponds, with similar source
tailings material, were found to have low rheology
that correlated most closely to CWR results of the
samples. Combined with the CWR compositional
profiles, rheology data was translated into rheology
versus depth correlations for each pond. Figure 5
shows the static yield stress and Figure 6 the
viscosity versus depth correlations for Ponds A, B,
and C. The marker on each trendline denotes
target dredging depth for CFD simulations. In
Pond C, CFD simulated dredging depth was
selected as 6m below mudline. Realized dredging
depth in Operations was deeper at 13m as
provided in Table 1.

Pond C and D are higher density consolidated
deposits with a different depositional history from
Ponds A & B. Pond C rheology was found to be
significantly higher than Ponds A and B, as shown
in Figures 5 and 6. Pond C rheology was also
found to be highly variable and did not correlate
well with depth or compositional properties as
shown in Figure 7. This may be due to potential
non-representativeness of lab samples to in-situ
field conditions for rheology; challenges in
measuring fluid rheology given the high rheology of
the samples; or other chemical or unknown factors
affecting demonstrated rheology in the samples.
Given the high variability, for CFD modelling
purposes, only the data from sample locations
nearest the dredge were used, which generally
had measured yield stresses of 170 Pa or less.
Data from the sample locations with measured

yield stress above 170Pa were excluded as not
representative of the planned dredging footprint in
Pond C.

Static Yield Stress vs Depth Correlations
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Figure 5. Static yield stress to depth

correlations for Ponds A, B, and C.

Plastic Viscosity vs Depth Correlations

Plastic Viscosity (mPa)
0 20 40 60 80 100 120 140 160

E
g
s
S 20 1
2
o
[
2 30
o
j 4
o
B a0
8

50

——Pond A Pond B ——Pond C
Figure 6. Plastic viscosity to depth
correlations for Ponds A, B, and C.
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Samples from Pond D were not measured for
rheology. Pond D, at planned dredging depth, has
similar source tailings material as Pond C. At the
time of CFD modelling for Pond D, field data for
coning performance in Pond C was available. An
adjustment factor of double the initial assumed
Pond C rheology models for yield stress and
viscosity was required to make Pond C CFD and
field coning results match. As Pond D and C have
similar source tailings, Pond D rheology
correlations for CFD models was assumed to be
double that used in Pond C CFD simulations.

The high lateral variability in clay content and
rheology versus depth within each pond had
potential to impact the accuracy of the CFD model
inputs and hence the CFD predictions. Inherently
any given dredging location within the pond will
have higher or lower compositional properties and
rheology than the assumed average correlations
for CFD modelling.  Consequently, the CFD
predictions should be treated as an average
expected outcome and may or may not match
conditions for dredging at any given specific
location in the pond.

CONING RESULTS AND DISCUSSION
CFD Modelling Results

CFD modelling sensitivity analysis was conducted
for Pond A on the impact of dredged flowrate to
coning performance and is shown in Figure 8. The
simulations predicted that tailings fluid removal
rate had negligible impact to shape and volume of
produced cones. The inference is that coning is
driven only by pond characteristics; both depth and
width of the pond itself, and the composition and
rheological properties of the tailings deposit.
Given a fixed cone shape outcome, higher
dredging flowrates only serves to proportionally
accelerate the timeline and rate of coning;
increasing the rate of density decrease and
frequency of required dredge relocations. This
finding is not surprising if we consider that both the
CFD predicted, and field observed dimensions for
cones formed in oil sands tailings deposits are
greater than 400m radius compared to typical
dredge intake piping diameters of less than 1m or
less than 0.2% of the cone size. In short, the size
of cones formed in oil sands tailings ponds dwarf
and render inconsequential the size and flowrate of
the dredging asset itself.
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If we assume these simulation results, showing
negligible impact of flowrate on cone size, can be
reliably translated to field operations, it eliminates
dredge size and flowrate as a variable and enables
direct comparison of field coning observations
between the different dredging operations in each
pond.

Flowrate impact on CFD cone shape - Pond A
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Figure 8. CFD simulations of effect of tailings

removal rate on cone shape.

CFD simulations were also developed for cone
recovery potential for Pond A, wherein, upon
complete coning and water breakthrough at the
suction intake pipe, fluid removal was stopped in
the simulation and the CFD software predicted,
over time, the degree to which fluid tailings
continued to flow into the coned area. In these
simulations, there was no active tailings deposition
to the pond. Any fluid tailings migration into the
coned area was solely due to non-steady state
conditions with over-steepened cone slopes driving
ongoing fluid mobility in the pond until reaching an
equilibrium slope defined by the yield stress
characteristics of the specific tailings material. The
purpose of this simulation was to gain insight into
the extent to which coned areas regenerated fluid
tailings volume and expected timeline before the
same area could be dredged again. Pond A cone
recovery simulations are shown in Figure 9. After
2 months simulated time there was negligible cone
recovery observed in the CFD predictions and the
simulation was stopped. Implications of these
results are that, in the absence of new tailings
infow to the pond, there is effectively no cone
recovery, and no area of the pond can be dredged
twice.
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Cone Recovery - Pond A CFD Simulations
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Figure 9: Pond A CFD cone recovery
simulations

Cone Dimensions - Field Observations:

Observed coning, in the field, during dredging
operations was highly variable depending on the
pond. In general, field observed cone shapes had
significantly steeper slopes and a smaller radius
than CFD predictions. In Pond A, the tailings cones
that formed during dredging operations were
determined from mudline sonar scans as pond
assessment sample spacing did not have high
enough resolution to show coning at depth within
the tailings deposit. Coning seen at the mudline
was small and restricted, with only a maximum
radius of 425m compared to CFD predictions of
1500m. See Figure 10 for a plan map of annual
changes in mudline, showing coning at the mudline
around the multiple dredging locations.
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Figure 10. Annual changes in mudline in Pond
A

Field data showed no mudline coning in Pond B,
which aligned with CFD predictions, as the top
layers of the pond have very low rheology. Field
data does appear to show coning at depth, with a
maximum cone radius of 650m measured in the
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higher CWR and higher rheology layers of the
pond. This is in directional agreement with CFD
models in Pond B. However, again, the CFD
models predicted a much larger cone radius of up
to 1500m expected at depth in the pond. See
Figure 11 for a cross section showing field coning
of CWR compared to CFD cone predictions in
Pond B.

Dredge 1

Dredge 2

e M Coring Sty

Pond B Clay to Water Ratio 2021

P
Figure 11. Comparison of field measured
coning to CFD in Pond B

Field coning in Pond C had high variability from
one dredging location to the next due to localized
variability in oil sands tailings rheology. Similar to
Pond A, sample spacing from the pond
assessment program was not of high enough
resolution to detect coning at depth within the
tailings deposit.  Mudline scans on Pond C
detected dredged cone radius of, on average,
500m compared to CFD predictions of up to
1500m. See Figure 12 for a cross section
comparison of field cones to CFD predicted coning
in Pond C. See Figure 13 for a plan map of annual
changes in mudline, which shows coning at the
mudline around the dredging location.
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Figure 12. Comparison of field measured
coning to CFD in Pond C

Figure 13. Annual changes in mudline in Pond
Cc

Across all 3 ponds with dredging operations at
Suncor's Baseplant facility, CFD modelling
consistently and significantly overpredicted the
size and shape of the cone compared to that
measured in the field dredging operations. This
indicates the apparent in-pond tailings rheology is
higher and fluid mobility lower than predicted by
CFD. The cause for overprediction in CFD was
not able to be determined in this study. Potential
contributing causes include non-representative
rheology measurements associated with
differences between lab samples and in-situ
behavior, non-homogenous pond properties for
both composition and rheology, variable pond
geometry, and inability to account for dykes and
multiple dredge operation in CFD, or other
unknown factors. See Figure 14 for a comparison
between the depth and radius of realized field
dredging cones in operations and the CFD
predictions.
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Figure 14. Comparison of CFD predicted and
field measured cone dimensions

Dredged Density Change - Field Observations

Field results for realized dredged density in each
pond were also below and decreased more rapidly
than predicted by CFD. Representative dredged
density data at three different locations in Pond A
for the first year of dredging operations, compared
against CFD model predictions, are presented in
Figure 15. Density data are presented as
achieved density from start of dredging (day zero)
in a new on-pond location, to ending density at the
same location, immediately prior to dredge
relocation.

As shown in Figure 15, realized initial dredged
density in Pond A was always lower than, and rate
of density decrease significantly faster than,
predictions by CFD. For the first year of dredging
in Pond A, given the rapid rate of density decrease
observed, dredges were required to be relocated
every 2 to 4 weeks to sustain fluid tailings pumping
rates. This was much quicker than expected and
operationally planned for based on the CFD
predictions. Based on CFD simulations showing
lack of cone recovery (Figure 9), dredge
relocations in Pond A, as well as in the other
ponds, was always to new, not previously dredged,
locations.

Pond A did not receive new tailings inflow during
the 3 years of dredging. Consequently, the depth
of the tailings deposit progressively reduced with
dredging over time. Figure 16 shows significant
deviation in field results to CFD models for
achieved density in years 2 and 3 of dredging in
Pond A. Dredging operations experienced
progressively lower realized density and more
frequent relocation requirements as the deposit
depth and time to coning decreased.
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Pond A - Dredged Density Change
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Figure 15. Comparison Dredged Density to CFD
predictions for Pond A

Pond A - Dredged Density by Year
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Figure 16. Comparison 3 years of Pond A
dredged density results

Three years of seasonal (spring to fall) dredging
field density data for Pond B, compared against
CFD predictions, are presented in Figure 17. Pond
B, due to the low rheology tailings and high pond
depth, experienced a significantly slower rate of
density decrease compared to Ponds A and C. As
a result, the dredge did not require relocation and
tailings removal occurred in approximately the
same location for each of the 3 years of operating
data shown.

Consistent with observations for Ponds A, initial
dredged density in Pond B was much less than,
and rate of density decrease much quicker than,
CFD predictions. Notably, given the large depth
and low rheology of Pond B, CFD models
predicted higher density tailings would continue to
flow towards the dredge suction sustaining
effectively a constant dredged high density over
time. This was not observed in field operations
with initial higher densities of 1.35sg observed in
year 1 of dredging, dropping to below 1.20sg after
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6 months of operation. Initial dredged tailings
density in Pond B for year 2 and 3 was much lower
than year 1.

As dredging only occurred for 6 months of the year
in Pond B, it gave a 6-month “winter’” window
between dredging seasons for potential cone
recovery to occur, wherein fluid tailing could
migrate and potentially replenish volume of higher
density tailings within the dredged and coned
footprint of the pond. However, despite year-round
new tailings inflow into Pond B, low dredged
density results in year 2 and 3 suggest no cone
recovery occurred within the 6-month “winter”
window of no dredging operations. This is
consistent with the CFD cone recovery simulations
discussed above (Figure 9).
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Figure 17. Comparison Dredged Density to CFD
predictions for Pond B

Figure 18 compares dredged density in Pond C to
CFD models for dredging in multiple on-pond
locations within the same year. Consistent with
the high variability in composition and rheology in
Pond C (Figures 1 and 7 above), achieved density
and rate of density decrease at each of the
different on-pond dredging locations was highly
variable. Given the low achieved initial dredged
density and rapid rate of density decrease, the
dredge was required to be relocated every 3 to 4
weeks in Pond C to sustain tailings removal
operations.

Two CFD models were developed for Pond C. In
model #1, a dredging depth of 9m (6m below
mudline) with pond depth limited to 15m was used.
In model #2, dredging depth was kept at 9m with
the actual pond depth of 30m used. The results
between the models are very different with model
#1 showing a very rapid drop in dredged density
and model #2 showing no expected drop in
density. The interpretation of the CFD models is
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that model #2 predicted an upwelling of high-
density tailings from depth towards the dredge
intake, sustaining high density of the pumped and
removed tailings fluid. In contrast, by placing a
depth cutoff at 15m, model #1 effectively rendered
a majority of the fluid tailings volume at depth
below the dredge suction intake inaccessible and
immobile leading to rapid coning given the high
rheology of the tailings.

Realized initial dredged density in operations was
lower than both models predicted despite
operational dredging depth in Pond C of 13m being
much deeper than the 6m depth simulated in CFD.
Field dredging results in Pond C more closely
aligned to model #1 suggesting that, despite a total
pond depth of 30m, versus dredging depth of 13m,
the tailings fluid at and below dredging depth had
higher demonstrated in-situ rheology and lower
mobility towards the dredge suction than predicted
by the CFD.
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Figure 18. Comparison Dredged Density to CFD
predictions for Pond C

The Pond C CFD models were subsequently
revisited to make CFD predictions match observed
field performance, to achieve complete coning
within 4 weeks, consistent with average field
observations. It was found that an adjustment
factor of 1.5 to 2 times the previously assumed
yield stress and viscosity correlations for Pond C
CFD modelling was required to make the CFD
predictions and field density data align. Wherein
rheology increases very quickly with depth in the
tailings deposit, this accomplished a similar effect
as model #1 in Figure 18 to progressively restrict
with depth, the mobility of fluid tailings towards the
dredge intake. This does not necessarily affirm
rheology measurement accuracy as the causal
factor for discrepancy between CFD and field
observations. Any of the previously mentioned
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factors could also individually or cumulatively
contribute to the tendency for CFD under-
prediction of timelines for coning.

As discussed above in Figure 8, if we presume
dredging flowrate has negligible impact to cone
size, direct comparison of field coning results
between the different ponds is possible and is
provided in Table 2. Given different dredging rates
in each pond, “coning rate” was normalized by
dividing the rate of density change (Asg units /
time) by the specific pond dredging rate (m3/hr) to
create an equivalent rate of density change per
unit volume pumped (Asg / million m® pumped)
metric. Despite Pond A (shallow depth and low
rheology) and Pond C (shallow dredging and high
rheology) having very different tailings deposit
properties, the data in Table 2 indicate they
demonstrate very similar rapid coning behavior
with small coning radius of approximately 425m,
frequent dredge relocation requirements of every
2-4 weeks, and similar rate of density change of
0.04 to 0.17 sg units per million m3® pumped. Both
ponds are effectively restricted driving rapid and
small cone size formation. Pond A is
dimensionally restricted for size by shallow pond
depth and Pond C is restricted by high rheology
limiting tailing fluid mobility to the dredge. In
contrast Pond B is not restricted, having both high
dredging depth and low rheology which greatly
increases the size and volume of cone formed. As
a result, rate of density decrease in pond B was 5
to 15 times slower than in Pond A and C at
approximately 0.01 sg units decrease per million
m? pumped.

Dredging in pond D has not yet occurred. CFD
predictions, which were based on doubling the
rheology used in Pond C, gave an expected cone
radius of approximately 500m and an expected
rate of density change of approximately 0.1sg units
per million m® pumped. These results are similar
to both Ponds A and C and 10 times faster than
Pond B, suggesting Pond D is expected to produce
similar restricted cone sizes due to the high
rheology of the tailings. As dredging in Pond D is
expected to be deeper than Ponds A and C,
dredge asset relocation frequency is predicted to
be less frequent at approximately every 2 months
compared to 2-4 weeks in Ponds A and C.
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Table 2.

Comparison field
performance between ponds

Dredge Field Cone |Coning Rate
Radius (m) |(Asg units/1,000,000 m3
frequency pumped)

move

Pond A 13 — 29 days 420 0.06 to -0.14 sg/ 1Mm3
Pond B Not required 650 -0.01 sg / 1Mm3

Pond C 22 — 30 days 425 -0.04 — 0.17 sg/ 1IMm3
Pond D ~ 60 days -0.1 sg / 1IMM3 (CFD basis)

coning

CONCLUSION

Cone formation during dredging of oil sands
tailings ponds is primarily affected by dredging
depth and fluid rheology. Ponds with a shallow
depth and/or high rheology have a restricted cone
volume and therefore have rapid rates of coning.
Frequent dredge relocation in these ponds is
required, from 2 weeks to 2 months depending on
available dredging depth. Ponds with high
dredging depth and low rheology tailings have very
slow coning rates, at 5 to 15 times slower than
other ponds. Coning still occurs in these deeper,
low rheology ponds, as high-density tailings, at
depth in the deposit, is depleted over time in the
region of dredging activities. Sustained dredging in
one location results in progressive deterioration of
dredged tailings density and quality achieved.

CFD modelling may be used directionally for
predictions of coning; however, there are
limitations to prediction capabilities. In all cases,
CFD overpredicted cone size and underpredicted
the rate of coning, with higher starting densities
and a slower rate of density decrease than
observed in dredging operations. Potential
contributing causes include non-representative
rheology measurement associated with differences
between lab samples and in-situ behavior, non-
homogenous pond properties for both composition
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and rheology, variable pond geometry, including
depth and width, and inability to account for dykes,
tailings inflow, and multiple dredge operation in
CFD models.

This study also demonstrated that dredging and
cone performance differs between individual ponds
and is driven exclusively by pond geometry and
tailings deposit properties specific to each pond.
This means that operational experience for coning
in one pond cannot be used as a reliable prediction
of expectations for dredging in a new and different
pond. The study also indicates that dredge asset
design and selection factors such as flowrate and
suction intake dimensions appear to have
negligible influence on coning outcomes with
increased dredge pumping rates only serving to
accelerate the rate of density decrease and dredge
relocation frequency; but ultimately not affecting
the overall cone shape and volume created.
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ABSTRACT

Distributed Fiber Optics Sensing (DFOS)
technology provides a high spatial and temporal
resolution monitoring platform for tailing storage
facilities. Using a single cable, extended for tens of
kilometers, the platform monitors seepage via DTS,
deformation via DSS and seismic via DAS.

In its basic set up, the monitoring platform detects
dam failure (localized or broad) and issues alerts
within seconds to initiate evacuation protocols.

A temperature-based seepage monitoring can be
added to the monitoring platform through DTS
technology. Real-time seepage detection and flow
is identified through variations in the diurnal and
seasonal temperature profiles for the region. The
calculated annual mean seepage flow is typically in
the order of a few centiliters per second per meter.
Ideally, the fiber cable is installed during the
construction of the dam to ensure a comprehensive
monitoring platform with high spatial accuracy for
seepage detection and quantification.

Deformation surveys is another layer of monitoring
that can be integrated into the platform. The same
fibre cable can be used for monitoring gradual or
sudden movements or subsidence in and around
the monitoring volume with micro-strain resolution
using DSS interrogator.

In its most advanced set up, the DFOS platform can
also be used to acquire passive and active seismic
data and provide sub-surface imaging via DAS.
Using the same fiber cable, DAS records seismic
signals detecting changes in material, seepage
and/or internal erosion within the dam walls.

Since Fiber Optics cable is buried within the dam
structure it requires little maintenance and can
operate for many years including post-closure of
tailings facilities.
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This paper discusses the capabilities and limitations
of fibre optics sensing as an integrated temperature,
strain, and seismic platform for monitoring the
structural integrity of TSF.

DFOS: distributed fibre optic sensing

DTS: distributed temperature sensing

DBV: dam breach verification module

DAS: distributed acoustic sensing

DSS: distributed strain sensing

ANI: ambient noise interferometry

MASW: multichannel analysis of surface waves
TSF: tailing storage facility

INTRODUCTION

Tailings storage facilities are some of the largest
manmade structures and prone to failure. Failure of
TSF can have a devastating impact on human life,
infrastructure, and environment, especially if TSF is
storing toxic material. The most recent failure
occurred at Jagersfontein diamond mine tailings
facility in South Africa in September 2022 as we are
writing this paper.

The causes of dam failures can range from
overtopping, seepage, foundation and/or design
issues, seismic events among others. Figure 1
(iCOLD 2001, Chambers 2017) lists causes of TSF
failures. Increased rate of mining extraction (excess
capacity of tailings) as well as climate change can
further contribute to increased risk of TSF failure as
the stability conditions exceed the design criteria.
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Causes of tailing dams failures 1915-2016

52 Unknown
Many of the older dam failures that were not
sufficiently documented may fall into this

category.

27 Earthquake - seismic instability
Dams are designed to withstand
earthquakes, but if the earthquake is
larger than that which was anticipated,
the structure can be destroyed by the
shaking.

7 Erosion - external erosion
Simple erosion of a dam face, typically due
to precipitation run-off that is not repaired
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17 Seepage - seepage and internal erosion
Erosion of dam material due to water passing through
areas of the dam that are designed to remain dry.

30 Slope instability - static failure

A constant load that causes deformation, to the point
at which a dam partially or completely fails. Often
caused by partial saturation of areas of the dam that
are designed to remain dry.

1 Mine subsidence
If the dam or impoundment is built above an
underground mine, collapse of the underground
mine workings can lead to release of the
impounded tailings.

15 Foundation - structural and foundation
conditions, foundations with insufficient
investigations

Failure related to building the dam on a surface
that does not provide sufficient support for the
weight of the dam. An example is a layer of clay
under a dam.

16 Structural - structural inadequacies,
inadequate or failed decants

Design errors or failure of a designed
component to function as designed. Failed
decants (which drain water from the impound-
ments) are a common cause.

44 Qvertopping

Water flowing over the top of a dam.
Tailings dams are made of erodible
material, and overtopping will cause
erosion.

Source: ICOLD 2001, Chambers 2017

Figure 1 Causes of Tailings Dam Failure (iCOLD 2001, Chambers 2017).

Distributed Fibre Optics Sensing
Technology (DFOS)
DFOS enables continuous and real-time

measurements along the full length of an optical

and earth sciences (Becker, 2019), infrastructure
(Akira Fujimoto, 2021), carbon capture and
utilisation (Hopkins M, 2018), oil and gas (Garth
Naldrett, 2019), and mining (Riedel M, 2018);(Gilles
Bellefleur, 2019). In DFOS, the optical fibre is the
sensing element without any additional sensors in
the optical path. The interrogator transmits a
sequence of light pulses into the optical fibre
connection and records the return of the naturally
occurring scattered signal against time. At the end
of the fibre, not all of the light emitted by the
interrogator is received. During transmission, some
light is attenuated as a result of dispersion and
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fibre for tens of kms. DFOS is suitable for 3-D for
tens of kms. DFOS is suitable for 3-D monitoring of
large structures with high spatial resolution.

DFOS has been used extensively in alternative
energy (Binder G, 2021), environmental

absorption (Figure 2). The different light scattering
processes, measured in distributed sensing are
Rayleigh, Brillouin, and Raman. Elastic scattering of
light (Rayleigh) maintains wavelength while
inelastic scattering of light (Raman and Brillouin)
change wavelength based on the amount of energy
absorbed or released (i.e., Stoke shift).

The backscattered light has the same frequency as
the input light in Rayleigh scattering. As the fibre
deforms, the glass functions as a weak mirror that
is magnified, resulting in a stronger backscatter
reaction. The interaction of the laser pulse and the
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intrinsic vibrations of the glass results in much
decreased Brillouin and Raman scattering
interactions. Figure 2 depicts several
backscattering phenomena measured by optical
interrogators. Interrogators measure ambient
characteristics such as acoustics, temperature, and
strain by capturing a specific scattering interaction.
Fibre interrogators are designed to analyse
backscattered light caused by various scattering
events. Brillouin and Raman backscattering can be
used to measure strain and temperature with
resolutions of 1 microstrain and 0.01°C,
respectively. Rayleigh backscattering can be used
to accurately assess both acoustics and dynamic
strain (Parker TR, 1997); (Jousset, 2018).The result
of using backscattered light as signal has the effect
of turning many kilometres of fibre into a dense
array of sensors, with a channel output density as
high as every 0.10 m. For reference, a 10 km long
fibre optical cable interrogated via an DAS system
writing data every meter is analogous to having
10,000 one-component geophones lain end-to-end.
Acoustic amplitude, phase, and frequency are all
captured making DAS a full solution for seismic
applications.

>

Brillouin
(Anti-Stokes)

Backscattered Intensity o

Raman
(Anti-Stokes)

Raman
(Stokes)

Frequency

Figure 2. Wavelength/frequency of light
scattering phenomenon recorded by
interrogators.

TSF monitoring using DFOS

Fiber Optics sensing technology has been used for
monitoring of infrastructure, including hydro dams
and tailings dam for over a decade. The advances
in technology now allows for an integrated dam
breach and structural integrity monitoring in semi-
real time.

The fibre optics cable, designed specifically for
tailings dams to withstand erosion and load build up,
is installed during the construction of tailings and/or
the raise of the dam wall. The cable is typically
installed in 20-50 cm deep narrow trenches (Figure
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3). The cable often has multiple fibers inside to allow
for monitoring of temperature (DTS), strain (DSS)
and acoustic (DAS) simultaneously or periodically
as needed (Figure 4).

site

Outer jacket

Fibergﬂass yarn

Core-locked inner cable jacket
Aramid yarn strength member
Tigth-buffer optical fiber

Central filler/strength member ‘r‘/

10.8 mm

L Ripcords

Figure 4. Cross section and a reel of fibre optic
cable typically used for embankment
dams.

Most operators evaluate their tailings facilities and
assign a failure risk. The risk assessment enables
operators to put in place the necessary monitoring
processes and instrumentation. Based on site
conditions, a variety of monitoring tools such as
point measurement systems (i.e., piezometers,
inclinometers), surface measurement systems
(such as satellite imagery and Radar), and more
recently fibre optics systems can be implemented to
provide proactive monitoring of the TSF and
alarming tools in the event of a failure. In the
following sections different components of a fibre-
based monitoring platform for TSF monitoring are
discussed (Figure 5).
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Fiber Optics Cable
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Sub-surface Imaging (DAS)
Seismic Tomography surveys

N
S
S
g

S
$
RS
S
O

4\
G
<.
o3
Z
[\4

Level 4.
Induced Seismicity (DAS)

Level 3.
Deformation (DSS)

Level 2.
Seepage (DTS)

Level 1/

Figure 5. Schematic of fibre optics cable in a
TSF to monitor dam breach and
geotechnical monitoring using DAS,
DTS, DSS.

Dam breach alerting based on DFOS

A fibre optics-based breach detection system
detects signal attenuation or loss in the fibre as a
result of cable loading or dam failure. Depending on
the site conditions and infrastructure available, the
system can be configured using DTS and DBV or a
DSS unit. The DTS/DBV system is suitable for
remote dam sites where solar/wind energy can
power the system on site. The system monitors for
fibre breaks or damage and the DTS unit is used to
locate the location of the potential damage or failure
(Figure 7).

A cloud server or a remote desktop server can be
used for distant data processing. The alarms in the
relevant software can be adjusted to send emails
when specific abnormal situations or breaches
occur. A variety of communication protocols can be
used for data export (i.e., Modbus over Wireless
AND Modbus TCP). It is possible to support
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temperature, attenuation, and alerts for several
zones.

Figure 6 depicts a DTS/DBV system schematic.

Figure 6. DTS/DBYV stand-alone system for dam
failure detection. Fibre optic cable is
trenched in critical areas within the
dam.

800 1000 1200

Measured length [m]

400 600

200

1400 1600

Figure 7. Raw fiber data showing amplitude over
length of fiber (XSeepT software
courtesy of HydroResearch).

A DSS based system can also be deployed for dam
failure detection. It can be a more reliable system
that indicates detail fiber data and signal attenuation
data. More importantly the system can detect a
strain build-up before a failure. A DSS unit can also
provide location as well as real time and
comprehensive signal analysis.

A DSS based system, however, requires power on
site. Another option is to extend the fiber cable from
the tailings site to a server room a few kilometers
away if terrain conditions allow.

A DSS based system can also be used on a period
basis to perform strain monitoring surveys along the
Fiber optics in the dam structure and to track small
scale movement over time. Figure 8 shows absolute
strain survey conducted across 500-meter section
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of a tailing dam with strain resolutions of two meter
and five meters respectively.

Sample Strain from TSF

~4000 ps

~500 m

Figure 8. TSF Strain survey across 500 m length
of fibre cable with 2 m strain
resolution (orange) and 5 m strain
resolution (grey).

Using Brillouin scattering, we can determine the
absolute strain experienced by the entire cable. By
coupling the fibre to the object, the strain
experienced by an object of interest, such as a wall,
the earth, or a borehole, can also be measured.
Because strain is also affected by temperature,

accurate strain calculations in a dynamic
environment require temperature affects to be
removed. This requires an independent

temperature measurement from a DTS. When
temperature modification is required, the DTS
quality used can reveal the genuine strain resolution
limit. In a temperature controlled, or temperature
corrected environment, this maximum resolution is
1-2 micro-strains.

The benefit of DSS is that it is possible to measure
absolute strain over long periods of time at a spatial
resolution as high as 25 cm. The DSS surveys
reported here provide a valuable baseline and
repeat time-lapse surveys will be possible for the
infrastructure that will be exposed to variable
conditions over many months and years.

Temperature based seepage monitoring

Temperature-based seepage monitoring using DTS
has been deployed in over 100 embankment dams
since early 2000 (Johansson, 1997);(Sjodahl,
2017); (Johansson S. S., 2021); (Boleve A., 2012).
Seepage flow and rate is detected in real time
based on seasonal temperature variations
representative of the annual mean seepage flow,
typically in the order of a few centi-litres per second
per meter. Sudden seepage flow rate changes
caused by internal erosion is also detected and
located. The system issues custom set alarms on
abnormal seepage conditions. Ideally the fiber cable
should be installed during the construction of the
dam to allow for high resolution seepage detection,
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although the application could be retrofitted for
some dams or during construction at the
toe/drainage of the dam. Figure 9 shows

temperature variation and seepage rate over
at

months of  monitoring dam site

(HydroResearch).

a

Month [-]

Figure 9 Seasonal temperature and flow rates
over a 12-month period.

Figure 10 Temperature variations over 1000 m of
fiber installed at a dam showing
temperature variations along the
cable in different seasons.

A DTS-based seepage monitoring system requires
an initial calibration using high accuracy
temperature sensors in addition to annual
calibration analysis based on seasonal temperature
variations to establish data trends and enhance
reporting and alarming capability.

Volumetric seismic imaging of dam interior
using DAS

Geophysics-based technologies and analytical
methods have advanced significantly over the past
decade. For seismic geophysical surveys,
historically geophones and accelerometers have
been the common instrument. However, with
advances in technology, it is feasible to perform
most seismic application using DAS and Fiber
Optics.

The result of using backscattered light as signal has
the effect of turning many kilometres of fibre into a
dense array of sensors, with a channel output
density as high as every 0.10 m. For reference, a
10 km long fibre optical cable interrogated via an
DAS system writing data every meter is analogous
to having 10,000 one-component geophones lain
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end-to-end. Acoustic amplitude, phase, and
frequency are all captured making DAS a full
solution for seismic applications (Anderson &
Furlong, 2022)

With modern enhanced DAS interrogators and
engineered fiber, signal to noise ratios can be
improved by 20db (100x) over standard fibres. With
these improvements to the noise floor, DAS can
provide equal or better detection than geophones in
many circumstances.

The differences between the various optical fibres
used for acoustic sensing are outlined in Figure 11.

Standard fibre

o worst for signal, best for loss

® uncontrolled phase relationship
causes SNR variation (fading), which is
an issue in some interrogator
architectures

Highly doped fibre

o higher signal
* doping significantly increases losses

Continuous enhanced fibre

e much higher signal, reasonable losses

e still uncontrolled phase relationship
from multiple scatterers meaning
there is a limit to how the extra light
can be effectively used

Engineered fibre

e much higher signal, reasonable losses |

e distinct scattering locations give
control of the optical signal amplitude
and phase

e with the right interrogator, the extra
light can be used to reduce the noise
floor to the theoretical (shot noise)
limit

Figure 11 Types of Fiber Optics for seismic
applications.

DAS seismic surveys are suitable for high resolution
subsurface imaging of large volumes at depth. Both
active and passive seismic surveys can be
conducted using optical fiber. One of the more
recent applications in monitoring the structural
integrity of tailings dams is the Ambient Noise
Interferometry (ANI) using DAS. ANI uses
background noise recordings and processing to
create a subsurface image that characterises
seismic velocity changes over time and space.
Seepage, material movement within the dam,
piping, can all impact the seismic velocity within the
dam that can be captured using ANI. (Olivier, 2019)
At a test site in Sweden, ANI analysis was carried
out using DAS (Johansson & Hellstrom, 2021) The
test site was designed with premeditated defects
unknown to the researchers to validate the DAS
based ANI| imaging technique. The results
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presented in Figure 12 outline seismic velocity
profile in the dam.

Anomaly (%)

Figure 12 Imaging dam sub-surface using ANI
(Johansson et al., 2021, Energiforsrk report).

Depending on the location of the Fiber optics cable,
the DAS system can also be used for induced
microseismic monitoring and seismic hazard. Since
DAS has a broadband frequency and flat response
to DC, it can detect a range of seismic event
magnitudes.

CONCLUSIONS

Depending on the monitoring objectives, miners
may benefit from a continuous or periodic
measurement method. Because of the benefits of
DFOS, future mines might be safer, have lower
carbon footprints, and collect data more effectively.
Optical fibre online monitoring is standard practise
in all new tailings’ dams in Sweden. Distributed
Fibre Optic Sensing (DFOS) devices are used to
detect local safety warnings and signal losses
caused by large movements. These installations,
which first appeared in tailings dams in 2008, are in
accordance with the most recent Global Industry
Standard on Tailings Management developed by
ICMM, UNEP, and PRI (Aug 2020).

The entire structure can be used as a distributed
array for temperature, strain, and acoustic sensors
by putting fibre into active and passive TSF assets.
Typically, a suitable cable must be located and
custom-made for each TSF. Cables will be put all
over the TSF. The data analysis and presentation
software will be set up as a cloud-based system. All
data will be displayed using real-time web-based
software, and a subset of it will be available to the
client's monitoring system.

Increasing prices and increased energy
consumption, accompanied by minimal hardware,
are some of the primary management and control
objectives of mining operators. Most TSF
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monitoring methods have caused a considerable
change toward two or more of these criteria, and
potentially others, which have had a significant
impact on efficiency, production, and ESG
measures. The tailing dam integrity solution is
expanding, and the platform's partnership is
bringing interesting innovations to the system, such
as accelerated data processing, increased
measurement derivatives, and Artificial Intelligence
and Predictive analytics. These are components of
a larger tailing dam integrity monitoring solution that
will be researched and developed further in the
coming years to align with industry standards and
mining operators' long-term goals.
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ABSTRACT

The mining industry requires automated
instrumentation to improve process efficiency,
reduce costs and to achieve cleaner and greener
operation. The Saskatchewan Research Council
has developed an automated spectroscopic method
which correlates spectra absorbance of filtrates to
the titrant volume for process parameter
measurement. An automated and online platform is
developed based on the automated spectroscopic
method. Slurry or process water samples can be
automatically withdrawn from a live process and
transferred into a mixing chamber where the sample
can be conditioned and treated by reagents. After
the titrant solution is added to the sample in
increments, a series of filtrates can be automatically
extracted from the sample mixture and measured by
a spectrophotometer. The spectra absorbance of
the filtrates can be correlated to determine active
clay content in minerals or water hardness in
process water.

The platform is designed to measure challenging
samples, such as samples with elevated levels of
active clays or oily specimens from processes with
hot temperature and high pressure. This paper will
present field validation results for the active clay
analysis on oil sands tailings, along with active clay
results from model clay mixtures and samples from
potash and kimberlite industries. Preliminary water
hardness results for liquid samples taken from oil
sands SAGD process will also be presented.

INTRODUCTION

There are increasing demands from the mining
industry for automated measurement of key process
parameters so the operators can have more control
of the process and rapid reaction to the change of
conditions such as feed properties. Active clays are
swelling clays that do not agglomerate, settle, or
consolidate easily when mixed with water, they can
cause significant challenges for mining operators by
tying up large volumes of water and requires extra
resources for treatment. Their presence
complicates rheological, pipe flow and solids
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settling behaviors, causing difficulties in many
mineral processes, such as extraction, flotation,
flocculation, thickening, hydro transportation, and
consolidation.

In 2019, Canadian oil sands industry produced 1.6
million barrels of bitumen every day. It was
estimated that for every barrel (~205 L) of produced
bitumen, there is about 3.3 m® of tailings to be
discharged into the tailings pond (Masliyah et al.
2011), which is on top of 1.2 billion m? legacy fluid
fine tailings (FFT) already stored in various tailings
ponds in Canada’s northern Alberta region
(Government of Canada 2019). Active clays in oil
sands tailings hinder the quick solids settling and
consolidation and complicate the effective solid-
water separation and process water recovery. Oil
sands is not the only mining industry challenged by
active clays from ore to tailings, as the kimberlite
industry has the similar challenges (Strydom 2015).

Active clays need to be monitored closely to achieve
economic and environment objectives. For
example, if active clays can be detected and
quantified during mine planning, ore deposits with
high active clay content can be managed through
proper ore sorting and/or ore blending, avoid
carrying clay lumps to down-stream process and
affect ore processibility; tailings with high active clay
can be re-routed to designated storage area so to
avoid cross-contamination in the main tailings pond;
dosages of process aids such as coagulant and
flocculant can also be optimized and controlled to
improve efficiency and reduce cost.

One effective tool to detect and quantify active clays
is the Methylene Blue Index (MBI) test. Methylene
Blue (MB) is a cationic dye which has strong affinity
to clay particles and can replace cations on clay
external surfaces, edges, and interlayers. The
consumption of MB at given concentration can be
correlated to clay activity and clay quantity in the
sample (Hang 1970).

Visible spectroscopy had been utilized to determine
cation exchange capacities and surface areas of
clay minerals treated by MB (Cenens et al. 1988,
Currie et al. 2014). However, it remained as a lab
procedure because either high speed centrifuges
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were required to separate the supernatant before
spectroscopic analysis, or diluted sample were
measured directly without separating the solids,
affecting accuracy of the results. Therefore, the
manual spectroscopic method has not been
developed nor widely adopted as an alternative to
the visual and halo MBI method in the mining
industry.

Online water hardness measurement is required for
heating equipment such as boilers and heat
exchangers to improve efficiency, reduce cost and
Green House Gas (GHG) emission. Due to
challenges from live processes with high pressure,
elevated temperature and sometimes samples
containing solids and dissolved hydrocarbons, such
as those from Steam Assisted Gravity Drainage
(SAGD) operation in Canada’s oil sands industry,
no satisfactory instrument is available to provide the
online and automated water hardness
measurement.

This paper presents an automated and online
spectroscopic method and measurement platform
as an active clay analyzer capable of detecting and
quantifying active clays in mineral samples. The
system can also be utilized for automated and
online complexometric titration such as water
hardness measurement. The paper will share some
validation results from the automated active clay
analyzer, as well as some preliminary results for
automated water hardness measurement.

AUTOMATED SPECTROSCOPIC
METHOD AND MEASUREMENT
PLATFORM

Automated Spectroscopic Method for Active
Clay Detection and Quantification

We started the development of automated
spectroscopic method with active clay detection and
quantification. Currently commercial labs measure
active clays by the MBI test which is performed
based on ASTM C837-09 (ASTM International
2014). Details of the MBI procedure are described
elsewhere (Omotoso & Morin 2004, Kaminsky
2014). The CANMET method is a modified version
of ASTM C837-09 for oil sands samples (Kaminsky
2014).

The MBI value can be calculated using Equation 1:
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VendpointNMB x 100

MBI = (1)

Msolids

Where Vendpoint is MB solution in mL, msoiigs is the dry
mineral sample in g (or equals the solids fraction
multiplied by the slurry mass), and Nws is the
normality of the MB solution in meg/mL. The MBI is
typically expressed as milliequivalent per 100 grams
(meq/100g).

The Vendpoint is the MB volume required to complete
the cation exchange process, which can be
determined through titration on conditioned
samples by identifying a permanent blue color halo
around a droplet on a filter paper as shown in Figure
1. Both ASTM C837-09 and the modified ASTM
method are time consuming as it requires minimum
6 hours including manual sample preparation,
conditioning, and titration; it is subjective as different
operators can have different interpretations of the
halo endpoint.

°9
@ 4

/

e
{7

Blue Halo Around
Droplet at Endpoint

Figure 1. A Blue Halo Around a Droplet on Filter
Paper Indicating the Endpoint of MB
Titration

The blue halo on the filter paper represents excess
MB in aqueous phase after MB molecules adsorbed
onto the clay edges, interlayers, external and
internal surfaces, which appears even before
reaching the titration endpoint. The amount of
residual MB molecules in aqueous phase
progressively increases as the MB molecules
approach full coverage on the clay surfaces.

Figure 2 shows that filtrates were extracted during
the MBI titration with fifteen increment MB additions,
each filtrate was scanned by a spectrophotometer
from 500 to 750 nm. The Spectra Absorbance
(ABS) at 664 nm of each filtrate is the highest and
most sensitive peak on the MB spectrum (Figure
2a). The ABS value at 664 nm was then plotted
against the cumulative MB volume (Figure 2b).
There is a transition between two distinctive curves
representing the spectroscopic titration endpoint
(red circle). The Vwms derived from the spectroscopic
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endpoint is slightly less than the Vws interpreted
from the visual halo endpoint (solid red dot)
measured from the identical sample. This is
because spectrophotometer is more sensitive than
human eyes, it is consistent and less subjective.

s
MBI (meq/100 8)

100 105 10

MB Volume For Model Clay Mixture (mL)

Wavelength for Model Clay Mixture (nm)

Figure 2. ABS of Filtrate Containing Residual
MB Molecules During MB Titration

Concept of Automated Spectroscopic Method

A novel approach has been developed to automate
the spectroscopic method for online active clay
analysis using MB as the indicator. As illustrated by
Figure 3, an auto sampler A can be installed on a
process (e.g., slurry pipeline, mixing tank etc.). A
controlled volume of slurry sample can be
withdrawn from the process and carried by a
controlled volume of dilution water injected into the
sampler A. The diluted mixture is transferred into a
mixing chamber where the sample mixture is
conditioned by sonication, dispersion, and pH
adjustment etc.

Slurry in Pipeline

G- DA g T

Dilution Water 1| Mixing Chamber

Spectrophotometer

i
Automatic Sampler A i
Chemical & MB E; | =t= -m]
Injection ]]' ~ Automatic '
Sampler B & Filter

Waste Discharge o =
¢ Controller »!'L-k"“.[--_—_

Figure 3. Concept of Automated and Online
Spectroscopic Method and
Measurement Platform

A controlled volume of MB solution is then injected
into the sample mixture in increments. After each
MB injection and mixing, an aliquot of the sample
mixture is extracted and filtered by an auto sampler
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B equipped with an auto filter changer. The filtrate
is then transferred through an optical flow cell where
it is measured by a spectrophotometer. The ABS
value (e.g., at 664 nm) of the filtrates are plotted
against the cumulative MB volume, and the
spectroscopic endpoint can be determined from the
correlation. Since the slurry sample volume and MB
solution normality are known, solids content in the
slurry can be determined from slurry concentration
provided by other devices (e.g., inline nuclear
densitometer) installed on the process near the
active clay analyzer, the MBI value can be
determined automatically.

After the MBI value is determined, the spent sample
mixture is flushed via an auto drain valve at the
bottom of the mixing chamber. The analyzer system
is auto cleaned by injecting wash water or solution
via auto sampler A through the mixing chamber and
the auto drain valve. It takes approximately 1 hour
to measure one slurry sample with fifteen data
points for the correlation. The measurement time
can be reduced if less than 15 data points are
required for process control purpose, e.g.,
comparing the filtrate ABS data to a pre-set target
value.

The main advantage of this concept is that it is
online as it can connect to live process and, all
procedures are performed automatically. Other
advantages include tolerance for trace amounts of
residual bitumen in the sample, larger sample sizes
(>7 mL) from the process for improved sample
representation, and the capability to measure
samples with remarkably high MBI values
(exceeding 40 meq/100 g) such as kimberlite. It can
also be used as an at-line active clay analyzer
where dry solids or slurry sample is manually loaded
into the mixing chamber and analyzed.

Development of the Automated Measurement
Platform

System Control and Automation

The automated measurement platform was first
developed as an automated and online active clay
analyzer. To automate the entire procedures from
sampling, sample preparation/titration, filtrate
extraction/scanning, spent mixture flushing, to data
correlation/reporting, several control elements were
necessary. The primary control elements and
sensors are illustrated in Figure 4.

Actuation of automatic samplers and filter changer
is provided by compressed air and controlled by a
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manifold of valves. The same compressed air is
also used to control the drain valve. The chemical
solution pumps are peristaltic pumps and stepper
motor drives are used to allow fine control of the
chemical dosing. Process sensors include pH and
temperature measurement of the sample in the
mixing chamber, as well as a pressure sensor at the
outlet of the automatic sampler B.

Process
stream

Pump e |[2meEton oH
s Frobe Probe
v
o

Mixing Chamber

Drain
vaive

Sampler 8

Legend

Nocontrol
Feature

A =
Spectrophotometer
Tanks
waste

Contro!
Feature

Figure 4. Control Block Diagram for the
Automated and Online Active Clay
Analyzer

The filter changer is a custom design which
engages a filter in line with the automated sampler
B and allows a filter to be changed with no operator
intervention. A magazine allows storage of five
filters or more. Filter change could be initiated
manually by user or automatically by the sampling
software. This can be done by decoupling the
existing filter from the automated sampler B, and a
new filter is dropped from the magazine. An actuator
pushes the new filter under the sampler B ejecting
the existing filter in the process, and then the new
filter is mated to the sampler B and is ready to be
used.

Four linear actuators control the motion of the filter
through the process, and sensors provide feedback
on the presence of a filter and position of the
actuators.

Automation Control Flow

The automated analysis process begins when the
operator clicks on the start button. The basic flow
diagram is shown below in Figure 5 and consists of
three primary stages.
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The first stage is sampling and sample preparation,
where sample is loaded into the mixing chamber,
the chemical solutions are added to the sample in
the mixing chamber, and the sample is mixed and
sonicated. The second stage is titrating the sample,
where the predetermined number of sub-samples
are extracted, filtered, and measured by the
spectrophotometer. The final stage is using the
completed measurement data to calculate the MB
Vendpoint at titration endpoint and the MBI value.
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Figure 5. Automated Analysis Process Flow

During sample preparation, a combination of fixed
values and feedback loops are used to control the
addition of chemical solutions to the sample. For pH
adjustment at both the basic and acidic steps, an
initial dose is added to sample, and then smaller
doses are added while the pH is monitored to reach
the desired pH target for that step.

In the primary titrating phase, several timers and
flags are run concurrently with dependencies
between them. The sampler B begins by
withdrawing an aliquot of sample from the mixing
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chamber and begins pushing it through the filter and
the filtrate into the optical flow cell of the
spectrophotometer.

As soon as the aliquot is withdrawn, it is isolated
from the mixing chamber and so the next increment
MB volume is added, and the mixing process
resumes. When the mixing time ends, the settling
time for the next aliquot begins. Two concurrent
flags are set here that must be cleared before the
next aliquot can be taken. First, the settling time
must be reached. Second, the system needs to
have determined that the entire aliquot has passed
through the filter and a spectrophotometer scan can
begin. Once these two conditions are met, the
filtrate is scanned by spectrophotometer, and the
next aliquot is taken if needed.

Should the system determine that the filter
performance has degraded enough that it slows
filtering, a new filter will be inserted prior to the next
aliquot. When a set number of aliquots has been
taken, the system can flush the remaining sample
mixture through the drain valve to the waste tank
followed by auto cleaning, and the new cycle of
sample analysis begins.

The system stores the full ABS data from 500 to 750
nm (or any wavelength range user defined) for
every filtrate scanned at each increment volume of
MB solution. These point pairs (ABS vs. MB volume
in Figure 2a and 2b) are graphed, and a simple
linear regression is performed. The spectroscopic
endpoint is determined from the intersection of the
two lines, and the volume of MB (Vendpoint) at the
spectroscopic endpoint is used to calculate the final
MBI value.

The primary analysis only uses the ABS at 664 nm
(MB monomer) for this application, but it can
analyze ABS at any other wavelength or multiple
wavelengths e.g., 610 nm for MB dimer and 580 nm
for MB trimer (Figure 2a) as the data is already
collected from the scan.

RESULTS AND DISCUSSION

Validation for the Concept of Automated Active
Clay Analyzer

Numerous MBI tests have been performed during
the development of the automated spectroscopic
method and active clay analyzer. Results obtained
by the automated spectroscopic method and
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modified ASTM method are presented for direct
comparison. Figures 6 and 7 show the MBI values
of pure kaolinite and pure bentonite respectively
from the two MBI methods.

Results from the modified ASTM method were
scattered due to manual operation and visual halo
endpoint interpretation, which are known
shortcomings of the modified ASTM method. As
these results are generated by three operators from
the same lab, the data is expected to be more
scattered if more operators and/or labs are involved.
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Figure 6. MBI Results of Pure Kaolinite by
Modified ASTM and Spectroscopic
Method
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Figure 7. MBI Results of Pure Bentonite by
Modified ASTM and Spectroscopic
Method

The MBI results generated by the spectroscopic
method are more consistent with narrower
scattering. It is more objective than the visual halo
endpoint determination in which different operators
may interpret the endpoint differently. The data
continued to be consistent as high slurry sample
weights were measured, which is an advantage of
the automated active clay analyzer system design.
Larger samples can be withdrawn by industrial size
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auto sampler from a live process, expanding the
capability and feasibility of this system.

Figure 8 shows the MBI value as a function of active
clay (i.e., bentonite) fraction in the model clay
mixture composed of kaolinite, bentonite, and silica
flour. For method development purposes, the active
clay ratio covered wide range of MBI values
commonly seen in samples from oil sands, potash,
and kimberlite industries.

The modified ASTM method again generated
scattered data, with more scattering at the high
active clay fractions. On the other hand, the data by
the automated spectroscopic method was more
consistent and more objective as it eliminated the
common issues associated with manual operation
and visual halo interpretation.
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Figure 8. MBI Results of Model Clay Mixture by
Modified ASTM and Spectroscopic
Method

Table 1. MBI Results of Industrial Samples by
Modified ASTM and Spectroscopic Method

Sample ID MBI by MBI by
Modified ASTM Spectroscopic
Method Method
(meqg/100g) (meg/100g)
FFT-A 4.5 4.7
FFT-B 4.6 5.2
FFT-C 6.5 7.5
FFT-D 8.6 9.9
FFT-E 11.3 10.9
Kimberlite A 44.0 43.2
Kimberlite B 23.2 23.8
Kimberlite C 25.0 24.0
Kimberlite D 234 23.9
Kimberlite E 37.2 36.5
Kimberlite F 33.6 33.7
Potash Slimes 6.8 7.4
Potash Tailings 5.7 8.5

The MBI results of industrial samples generated by
the two methods are presented in Table 1. Each set
of data was determined based on an average of 2-
8 repeats.

For oil sands samples, the MBI difference between
the two methods was larger for samples FFT-C and
FFT-D, due to higher bitumen contents in each
sample (up to 3 wt.%). The active clay analyzer was
able to handle kimberlite samples with MBI values 5
to 10 times higher than those of oil sands FFT and
the results from the modified ASTM and
spectroscopic methods were very close.

The spectroscopic method for potash samples is
under development, as the difference between the
two methods is relatively large. This is partly due to
high dissolved salt content in potash samples which
interferes with the spectra absorbance. Extra
sample conditioning is being investigated to counter
the impact of dissolved salt in potash.

Field Validation for the Active Clay Analyzer

A field validation trial was conducted at Suncor
Energy’s plant site in Fort McMurray, Canada during
the summer of 2021. A prototype of the active clay
analyzer (Figure 9) was evaluated, along with the
at-line active clay analyzer developed by the
Northern Alberta Institute of Technology (NAIT).
NAIT’s at-line active clay analyzer and the data
were discussed elsewhere (Jason Ng, et al., 2021).

s . <

Figure 9. Prototype of Automated Active Clay
Analyzer Used in Suncor Field
Validation Trial
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Total of 22 FFT samples were taken from a live oil
sands tailings pipeline and tested on site. Identical
samples were sent to AGAT lab in Edmonton
Canada and measured by the modified ASTM
method. MBI values from both methods are
presented in Table 2 for comparison. About ten MBI
results generated by the active clay analyzer are
over + 1 MBI unit than those from the AGAT lab
analysis. However, six out of ten of these
discrepancies were generated during the week of
July 22-29 when the operator started independently
operating the analyzer after only 2 day training,
indicating a learning curve is required for operating
the active clay analyzer. The discrepancy quickly
reduced during the following week of operation.

Table 2. MBI Results Obtained During Suncor
Field Validation Trial

FFT FFT MBI By MBI by SRC
Sample Sample  AGAT Lab  Clay Analyzer
Test Date # (meqg/100g) (meqg/100g)
21-Jul 1 8.87 Commission
21-Jul 2 7.57 Commission
22-Jul 3 8.54 9.10
22-Jul 4 9.29 9.91
22-Jul 5 9.48 9.32
22-Jul 6 8.77 10.35
23-Jul 7 9.13 9.77
23-Jul 8 7.95 5.11
26-Jul 9 8.89 9.34
27-Jul 10 9.29 11.40
27-Jul 11 8.60 5.97
28-Jul 12 7.39 413
28-Jul 13 8.52 7.97
28-Jul 14 8.08 9.60
29-Jul 15 8.43 17.32
29-Jul 16 8.25 8.07
30-Jul 17 8.69 8.01
30-Jul 18 8.51 5.93
09-Aug 19 9.61 14.31
09-Aug 20 9.57 8.79
10-Aug 21 10.24 11.74
11-Aug 22 11.04 11.38
11-Aug 23 9.82 10.10
12-Aug 24 10.06 10.55
12-Aug 25 10.32 No sample
Automated Platform for Water Hardness

Measurement

The automated spectroscopic method and the
measurement platform can also be applied to online
complexometric titration. One example is online
measurement of water hardness under challenging
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situations such as high pressure, hot temperature,
and oily samples.

The measurement platform automated the ASTM
D1126-17 method (ASTM International 2017). A
chemical indicator such as blue color Eriochrome
Black T (EBT) is added into the process water
sample automatically withdrawn from the process
and it complexes with calcium (Ca) and magnesium
(Mg) ions which are major water hardness ions in
the sample. The liquid color becomes wine pink as
shown in Figure 10.

A known concentration titrant such as Ethylene
Diamine Tetra Acetate (EDTA) dihydrate or similar
format is added in increments into the liquid sample.
Since EDTA has stronger complexing power to Ca
and Mg ions than EBT, EDTA complexes with Ca
and Mg and releases EBT so the liquid color returns
to blue. The concentration of EDTA and its
cumulative volume at the titration endpoint can be
used to determine the Ca and Mg ion concentration
hence the water hardness based on Equation 2.

VEDTA % 20

2
Ssample ( )

Water Hardness (epm) =

Where Vepta is the standard EDTA solution volume
injected when reach the endpoint in mL, Ssample is
the liquid sample volume in mL. The water hardness
is calculated as equivalent parts per million.

() () () () D () O
[T #%sxﬁ-} n#észi
-~

Visual Endpoint

endpoint " 000

Spectra Absorbance (ABS)

EDTA Volume (mL)
@ etore Endpoin

Figure 10. Water Hardness Determined by
Automated Spectroscopic Method

Figure 10 shows liquid samples obtained from
Canadian oil sands SAGD process, which were
analyzed by the automated measurement platform
for water hardness. A manual titration following the
ASTM D 1126-17 for the identical samples resulted
the EDTA visual endpoint at 59 mL. After
correlating the filirate ABS at 618 nm against the
cumulative EDTA volume, the analyzer using the
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automated spectroscopic method generated the
spectroscopic endpoint at 5.9 mL (Figure 10) which
matches the visual EDTA endpoint volume
determined from lab titration. The difference is that
the automated platform can be connected to a live
process with high pressure and elevated
temperature, and the operation is automated and
continuous, where the data can be available in 15
minutes or less.

CONCLUSIONS

An automated spectroscopic method and an
automated and online measurement platform have
been developed which correlates spectra
absorbance of a filtrate to the titrant volume for
process parameter measurement. The filtrate is
automatically extracted from a slurry or process
water sample which is automatically withdrawn from
a live process and conditioned in a mixing chamber.
It can be utilized to determine active clay content in
mineral samples or water hardness in process
water.

The automated measurement platform as an active
clay analyzer has been validated using a wide range
of model clay mixtures and industrial samples from
oil sands, potash and kimberlite industrials; it also
completed a field validation trial at Suncor Energy’s
plant in the summer of 2021. The analyzer
generated MBI results matched values from
identical samples measured by the modified ASTM
method in a commercial lab.

The automated spectroscopic method and
measurement platform can also be utilized to
measure water hardness for oily samples taken
from the oil sands SAGD process. The
spectroscopic water hardness results match to the
manual lab results based on ASTM D1126-17.

Optimization of the automated measurement
platform is ongoing, including full automation and
online capabilities.
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ABSTRACT

The presence of residual diluent and associated
biodegradation in Froth Treatment Tailings (FTT)
has been identified as a potential issue in aquatic
reclamation structures of oilsands operations. Due
to the complexity of the sample matrix, and the ill-
defined chemical nature of naphtha, producing a
reliable measurement technique is difficult.

The quantification of naphtha in a typical FTT-
affected tailings sample by flashing the sample
successively under controlled conditions showed
significant discrepancies with the results given by
‘standard’ analyses, which were based on solvent-
extraction followed by Gas Chromatography.
Inefficiencies in the solvent-extraction step were
identified as the root cause for the underestimation
of the naphtha content in the samples. A novel
method for quantifying naphtha in naphthenic FTT
relying on the use of an amphiphilic solvent with
high solubility for hydrocarbons was developed to
address this issue. The results obtained by this new
protocol matched the naphtha quantification given
by the successive vapour-slurry flashes.

INTRODUCTION

Background

In oilsands operations, the bitumen froth from
primary extraction is subjected to the froth treatment
process to yield a clean bituminous product and
reject water and solids. The naphthenic froth
treatment process consists in adding naphtha as a
processing agent to facilitate the segregation of the
hydrophobic from the hydrophilic components of the
bitumen froth in gravity separators. While most of
the naphtha is recovered from the hydrocarbon
product after separation, a very small quantity is
discharged with the tailings into storage ponds.
Quantifying the amount of naphtha exiting with the
tailings stream or residing within the ponds is
important for both economic and environmental
reasons, namely since the presence of naphtha can
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hinder the reclamation of aquatic structures (Foght
et al., 2017).

Suncor has historically relied on several analytical
laboratories for naphtha analysis of its tailings
samples and noted large discrepancies between the
results produced by the various labs. To investigate
the issue, Suncor leveraged the experimental
capabilities at Coanda where an apparatus
designed for the Vapour-Liquid partitioning of
tailings samples had been commissioned. By
performing successive Vapour-Liquid flashes on a
standard tailings sample and characterizing the
naphtha content in the vapour of each flash, an
estimate of the naphtha content in the tailings
sample could be obtained. While this ‘Vapour Flash
method’ could yield naphtha estimates with relative
certainty, it is too onerous to be implemented as a
routine test method. Thus, since no analytical
laboratory could produce results comparable to the
‘Vapour Flash method’, a new analytical method for
the quantification of naphtha in tailings was
required.

The Analytical Task

To identify potential causes in analytical
discrepancies and attempt to resolve them, it is
important to review the four main steps of the
analytical process, which are:

1. Subsampling

2. Test sample preparation

3. Quantitative analysis

4. Data processing and result output

Subsampling consists in the collection of a small
portion of the original material for analytical testing
purposes. If the test portion of the material is not
representative of the original material, the analytical
result will not be relevant. Subsampling oilsands
tailings stream or pond material presents
challenges given the heterogeneity of the material,
which exhibits dispersed solids and hydrocarbon
domains. Additional precautions should also be
taken with respect to the volatile nature of the
analyte of interest (naphtha).
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Test sample preparation describes the set of
laboratory steps to transform the subsample into a
matrix that can be quantitatively analyzed. Naphtha
analysis conducted in commercial laboratories
mostly rely on liquid extraction to transfer the
analyte of interest into a phase where it can be
quantified. In the ‘Vapour Flash method’, the sample
preparation steps consist in subjecting the sample
to Vapour-Liquid flashes, followed by gas-liquid
absorption of the vapours into a solvent where the
analyte is recovered.

Quantitative analysis is the measurement process
itself. Gas Chromatography using a Flame
lonization Detector (GC-FID) is commonly used for
the quantification of hydrocarbons as it is a reliable,
precise and accurate technique. The components of
the prepared test sample are separated based on
their affinity with the GC column stationary phase
and their boiling points, whereas the FID produces
an integrated response proportional to the mass of
each component.

Following GC analysis, data processing consists in
the integration of the chromatograms, blank
chromatogram subtraction, comparison of the
processed chromatogram to calibration data to infer
the concentration of the analyte in the prepared test
sample. Finally, the concentration of the analyte in
the material can be calculated following the test
sample preparation steps.

MATERIALS

Composition

The reference material used in this study was a
FTT-affected Mature Fine Tailings (MFT) provided
by Suncor. Dean-Stark analyses of duplicate
samples gave estimates of 69.7 wt.% solids, 4.5
wt.% bitumen and 25.8 wt.% water in this FTT-
affected MFT sample.

3 party analyses of the naphtha content in the
reference FTT-affected MFT following Protocol A
and Protocol B, which differed by the preparation of
the test sample (i.e. Step 2 of the Analytical Task)
prior to GC analysis. Protocol A consisted in the
extraction of the tailings material with
Tetrahydronaphthalene followed by GC of the
extract, whereas Protocol B consisted in the
extraction of the tailings material with Methanol,
also followed by GC of the extract. Naphtha analysis
by Protocol A and B gave estimates of 450 and 1847
ppmw, respectively.
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Subsampling

Subsampling of the FTT-affected MFT was carried
out while homogenizing the material inside a 20 L
pail fitted with four 1”-wide baffles using a Pitch-
Blade Turbine impeller at 400 rpm. To minimize
naphtha devolatilization while subsampling, the
procedure was conducted under refrigerated
conditions (i.e. ~4 °C), with a cover placed onto the
pail. Subsamples of FTT-affected MFT were
withdrawn using large syringes fitted with a 3/8” OD
drawing tube, to avoid material segregation during
collection.

VAPOUR FLASH METHOD

Theoretical basis

The evaluation of the quantity of naphtha in a
tailings samples can be can be derived from mole
balances, given that the Vapour-Liquid equilibria of
hydrocarbons from naphthenic froth treatment
tailings samples is known to follow Raoult's law
(Brown et al., 2018), i.e. naphtha and bitumen form
an ideal liquid solution dispersed in the tailings
samples (1):

X, P37 =y, P (1)
Where P34T is the saturation pressure of naphtha, P
is the total pressure, while x, and y, are the mole
fractions of naphtha in the liquid hydrocarbon phase
and in the gas phase, respectively.
Hence, during the i vapour-liquid flash:

NpLi

NpLitng

PSAT — nnv,iRT
n v
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And:

Ny i1 = NMppi T My, 3)
Where n,,,; and n,,; are the number of moles of
naphtha in the slurry and vapour phases during the
i" flash, whereas ny is the number of moles of
bitumen in the slurry, which was assumed to be
constant throughout the vapour-liquid flashes (i.e.,
bitumen is considered as purely non-volatile).
Introducing the naphtha molar recovery y; on the it
vapour-liquid flash as the ratio 1,y /Ny i-1,
equations (2) and (3) can be rewritten as:
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Experimentally, both vapour-liquid flashes were
conducted under the same temperature T and
volume V. If the vapour pressure of naphtha is
considered to be constant during both flashes
(approximating naphtha to a single pseudo-
component), it follows from equation (4) that the
recovery y is constant throughout the vapour-liquid
flashes regardless of the flash number i. This
simplifies equation (5), which can be re-arranged
as:

NMpy,i+1

npy,i

1-x= (6)

With n,y,1 and n,y,, being measured, the
naphtha molar recovery y can be estimated by (6).
The number of moles of naphtha initially present in
the slurry n,, ; o can then be determined by the ratio
n,v1/x- The value obtained for n,,, is then
multiplied by an estimate of the naphtha molecular
weight to give a mass of naphtha in the sample,
m, 0. Dividing the mass of naphtha present in the
sample by the initial mass of FTT-affected MFT
yields the weight fraction of naphtha in the tailings
material.

Overview of Vapour-Liquid Flash Experiments

Vapour-Liquid flash experiments were conducted
using the ‘VLE' (Vapour-Liquid Equilibration)
apparatus, whose design was inspired from the unit
built by Dr. Peng from the University of
Saskatchewan for the VLE characterization of
oilsands tailings (Brown et al., 2018, Peng et al.,
2016). The primary function of the VLE apparatus is
to produce liquid and vapour phases that are in
thermodynamic equilibrium. The unit was designed
specifically to process complex mixtures of oilsands
FTT, consisting of water, solids, bitumen, and light
hydrocarbons. There are three primary steps to the
process.

1. Sample Preparation, to collect the sample
in a specifically designed cell and remove
air from the sample cell headspace.
Equilibration, to allow the liquid and vapour
to reach equilibrium at the desired
temperature and total volume.
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3. Analysis, in which the composition of the

vapour and liquid phases are determined.

Each of these steps are described in detail in the
following sections.

Sample preparation for Vapour-Liquid Flash

A selected sample of fluid tailings was homogenized
and withdrawn with a syringe connected to a dip
tube to fill specifically designed Liquid Sample Cells
(‘LSC’). Two LSCs were filled with approximately 50
mL of fluid tailings, with samples ‘VLEO1' and
‘VLEOZ2' being 68.716 g and 63.742 g, respectively.
Since the objective of the experiments was to flash
hydrocarbon vapours from the slurry, and that water
does not impact the VLE of hydrocarbons from
tailings, samples were mixed with approximately 50
mL of deionized water (exact mass recorded) to
facilitate sample mixing and vapour-liquid
contacting. The air headspace present in the Liquid
Sample Cell was then removed through a
‘Degassing’ procedure.

In the Degassing procedure, the air was removed
from the LSC through the application of vacuum in
a stage-wise fashion, using the apparatus shown in
Figure 1. The LSC to be degassed was separated
from the vacuum pump by an empty sample cell (the
‘Vacuum Cell’). The LSC was immersed in an ice
bath to decrease the vapour pressure exerted by
the slurry and minimize sample loss.

Figure 1. Degassing unit. 1) Liquid Sample Cell.
2) Vacuum sample cell. 3) Pressure
sensor. 4) Line to vacuum pump.

Each stage of the Degassing procedure involves: 1)
physically isolating the Vacuum Cell from the LSC,
2) Fully evacuating the Vacuum Cell, 3) Isolating the
vacuum pump from the fully evacuated Vacuum
Cell, and 4) enabling communication between the
Vacuum Cell and the LSC, allowing the pressures
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to equilibrate. During the initial stages, the
equilibrated pressure decreases geometrically. As
the air was removed, the vapour pressure
approaches the equilibrium pressure of the liquid
sample at 0 °C. For naphthenic froth treatment
tailings samples, this equilibrium pressure was
slightly above the vapour pressure of water at 0 °C
(i.e. 0.089 psia), given that hydrocarbons also exert
their partial pressure. A typical evolution of the
pressure of the Liquid Sample Cell with the number
of Degassing stages is presented in Figure 2.

0 +

N

In (Pds/Pdi)

Degassing stage

Figure 2. Sample pressure profile in a Liquid
Sample Cell associated with the
degassing process (sample: process
water).

In the case described in Figure 2, this stage-wise
removal of air induces a geometric decrease in
pressure inside the cell till the 4™ Degassing stage.
A significant decrease in slope steepness occurs
beyond that point, which was indicative of the
predominant removal of the vapours which are
produced by the sample itself. Therefore, it was
important to track where the system pressure
started to deviate from a geometric reduction with
each stage and stop the Degassing procedure
before compromising sample integrity.

Once the air in the headspace was removed from
the Liquid Sample Cell, the LSC was weighed
before installation in the VLE Apparatus.

Vapour-Liquid Flash Equilibration

A schematic diagram of the VLE Apparatus is
presented on Figure 3. The whole assembly is
contained in a temperature-controlled enclosure, as
shown in Figure 4.

Initially, the valves to the degassed Liquid Sample
Cell are closed. The setup was then tested for leaks.
This was accomplished by a ‘pressure decay’
method. A vacuum was applied to the system, and
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then the system was isolated. The internal pressure
was then monitored for indication of leaks. When
the setup was deemed leak-free, it was then
evacuated and heated to the desired setpoint
temperature.

Y Y
VA JAN
Y Y
£ JAN

Figure 3. Plumbing associated with the VLE
Apparatus. LSC: Liquid Sample Cell;
GB: Glass Bulb; SP: Solenoid Pump;
CDG, PT3 and PT20 are pressure
sensors. Air circulation and heater

not shown.

Figure 4. VLE Apparatus used to generate
results at Coanda. LSC: Liquid
Sample Cel ; GB: Glass Bulb; SP:
Solenoid Pump; PTs are pressure
sensors.

The pressure was monitored by two transmitters,
PTs0 and PT200, rated to 30 and 200psi, respectively.
The PTaso transmitter provided improved sensitivity.
The split range was required to accommodate the
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higher pressures associated with elevated
operating temperatures. The temperature of the air
inside the enclosure was monitored by a high-
accuracy platinum Resistance Temperature
Detector (RTD) and was controlled by an on/off
programmable Proportional-Integral-Derivative
(PID) temperature controller. In this PID control
loop, the RTD temperature was used as the input
and a 150 W electrical resistance strip heater was
used to supply heat.

During the Equilibration process, the sample was
exposed to a constant temperature and fixed
system volume. The volume selected implicitly
dictated the final equilibrium pressure. In all the
vapour-liquid flashes executed in this project, the
flash temperature setpoint was 120 °C, whereas the
vapour volume was set to 3634 mL. The four glass
bulbs had a total volume of 3419 mL whereas the
tubings of the unit had an internal volume of 215 mL.
These conditions were the maximum temperature
and volume conditions the unit was designed for,
and were chosen to maximize the amount of
naphtha that would flash to the vapour phase.

Once the temperature was stable at the setpoint,
and the pressure was stable at approximately O psi,
the valve to the vacuum pump was closed. The
outlet valve of the liquid sample cell was slowly
opened, allowing the vapor pressure to build up in
the setup. A custom solenoid pump was activated
to circulate the vapor through the glass bulbs and
back into the liquid sample cell, thereby increasing
mass transfer and enabling phase equilibration. The
equilibration process typically lasted 12 to 16 hours
and was monitored by following the evolution of
pressure. Once the pressure remained stable within
approximately + 0.001 psi for 1 hour, the system
was assumed to reach equilibrium. Following
equilibration, the glass bulbs and LSC were
isolated, before the setup was cooled down.

After each vapour-liquid flash, the glass bulbs were
removed from the setup in order to analyze the
vapours as described in the following section. At the
end of the first vapour-liquid flash, the LSC
remained connected to the setup. Before the
second vapour-liquid flash, the lines and the glass
bulbs were purged and evacuated. After the second
vapour-liquid flash, the LSC was also disconnected
from the setup to complete the liquid compositional
analyses.
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Analysis of Flash Vapours

The Analysis of post-flash vapours were done using
a combination of gravimetrics, gas chromatography,
and Karl Fisher titration. They were achieved by
extracting the glass bulb contents with ~25 mL of a
solution of ethanol spiked with n-hexadecane
internal standard at ~1000 ppmw. Extractions were
conducted by submerging the glass bulb in an ice
bath to facilitate gas-liquid absorption. Ethanol
extracts were then analyzed by Karl-Fisher and gas
chromatography to determine the weight of water
and hydrocarbons, respectively.

A Mettler Toledo C20S Coulometric KF titrator was
used for estimating the water content in ethanol
extracts. The titration relied on the stoichiometric
reaction of the water present in the sample with
iodine, which was electrochemically generated in
situ. Knowing the water content in the extract, the
mass of ethanol injected, and the amount of trace
water present in the ethanol solution prior to
extraction, the amount of water inside the glass bulb
at the end of a Vapour-Liquid flash was calculated.

The hydrocarbons in the post-flash vapours were
analyzed by GC of the ethanol extracts. The GC
hardware consisted of an Agilent 6890N unit,
equipped with a 30 m Restek RTX-1 fused silica
column with 0.53 mm ID. The stationary phase was
a cross-bonded, 100% dimethyl-polysiloxane, of 1.5
pm thickness. The method used for the analysis
was as follows: 40 °C initial temperature, followed
by a 15°C/min temperature ramp until reaching
240°C, with a final hold time of 5 min at 240 °C.
Sample injection was performed by an autosampler,
with an injection volume of 1 uL and a split ratio of
20:1, with a GC inlet temperature of 200°C. A
constant flow of helium (9.5 mL/min at 40°C) was
used as carrier gas. The quantity of analytes at the
end of the column was determined by a FID,
maintained at 275°C. The GC calibration was
carried out with a set of 5 calibrants made with
process naphtha diluted in ethanol (spiked with n-
hexadecane internal standard at ~1000 ppmw) with
a concentration ranging from 0.01 wt.% to 1 wt.%.

The mean molecular weight of naphtha in the
vapour extracts was estimated from a correlation
with boiling point (7), after having mapped the
boiling points of hydrocarbons to their retention
times in the GC analyses (Table 1).
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Table 1. GC retention times and boiling
points of linear alkanes.

n-alkane Boiling Point  GC retention
(°C) time (min)
n-Ce 68.0 2.08
n-C7 98.4 3.04
n-Cs 125.0 4.38
n-Co 151.0 5.92
n-C1o 1741 7.51
n-Ci1 196.0 9.05
n-C12 216.3 10.52
n-C1e 286.9 15.61
BP = 49.5 CFO.2791 M0.5039 (7)

Note that CF in equation (7) is the atomic fraction of
carbon in the hydrocarbon, which was assumed to
be = 0.33 for naphtha hydrocarbons (equivalent to
an average chemical formula of CnHzn).

The hydrocarbon and water content in the vapours
estimated by KF and GC, respectively, were
systematically cross-checked with two other
experimental data:

- Glass bulbs weights were measured before and
after the Vapour-Liquid flashes. The addition of the
mass of water measured by KF with the mass of
hydrocarbons measured by GC was compared to
the total weight of vapours collected.

- Combining the mass of the hydrocarbons
measured by GC with the estimation of the mean
naphtha molecular weight using equation (7) and
Table 1 gave an estimate of the number of moles of
naphtha in the vapour phase. The number of moles
of water in the vapour phase was estimated from the
KF results, using the molecular weight of water. The
total number of moles in the vapour phase was
cross-checked against the measured pressure,
temperature, and volume of the vapours, based on
ideal gas law.

RESULTS

The pressure, volume, and temperature of the first
and second vapour-liquid flashes on samples
VLEO1 and VLEOZ2 are reported in Table 2 and
Table 3, respectively. Based on ideal gas law, the
VLEOQ1 sample generated 0.225 and 0.217 moles of
vapour in its first and second flash, respectively.
The VLEO2 sample generated 0.218 and 0.215

moles of vapour on its first and second flash,
respectively.

Table 2. V,T conditions in the first vapour-
liquid flash of each sample and resulting
vapour pressures.

VLEO1 - Flash1 VLEO1 - Flash 2

V (mL) 3643.3 3643.3
T (°C) 120.01 120.03
P (psi) 29.291 28.215

Table 3. V,T conditions in the first vapour-
liquid flash of each sample and resulting
vapour pressures.

VLEO2 - Flash 1 VLEO2 - Flash 2

V (mL) 3643.3 3643.3
T(°C) 120.03 120.02
P (psi) 28.215 28.010

The total mass of vapours determined by

gravimetry, as well as the mass of water determined
by KF analyses, and the mass and moles of
hydrocarbons determined by GC analyses are
reported in during the first and second flash are
reported in Table 4 and Table 5 for samples VLEO1
and VLEO2, respectively.

Table 4. Vapour mass and compositions
resulting from the first and second vapour-
liquid flashes of sample VLEO1.

Vapour quantity VLEO1 VLEO1
Flash 1 Flash 2
Vapour mass (g) 4.263 3.966
Water mass (g) 4.118 3.939
Naphtha mass (g) 0.145 0.027
Naph_tha molecular 109.4 124.7
weight (g/mol)

Naphtha millimoles 1.327 0.217

Table 5. Vapour mass and compositions
resulting from the first and second vapour-
liquid flashes of sample VLEO02.

. VLEO02 VLEO02
Vapourquantity  p1a5h4  Flash 2
Vapour mass (g) 4.082 3.959

Water mass (g) 3.928 3.929
Naphtha mass (g) 0.154 0.030
Naph_tha molecular 115.0 128.3

weight (g/mol)
Naphtha millimoles 1.343 0.231
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The consistency of the molar quantities of vapour
generated during each flash can be cross-checked
between the P, V, T data and the analytical results
provided by KF and GC analysis (using 18.015
g/mol as the molecular weight of water), as reported
in Table 6.

Table 6. Molar quantities generated during
each flash, estimated from P, V, T data and
estimated from KF and GC results.

Vapour Vapour
Flash moles (P, V, molgsc(KF,
T estimate) .
estimate)
VLEO1, Flash 1 0.225 0.230
VLEO1, Flash 2 0.217 0.219
VLEO2, Flash 1 0.218 0.219
VLEQ2, Flash 2 0.215 0.218

Estimates of molar quantities in the vapours of each
flash are very consistent. However, the quantities of
vapour produced are largely dominated by water,
which is more abundant than hydrocarbons in the
vapour phase by 3 orders of magnitude, on a molar
basis.

Using the molar quantities of naphtha recovered
from each flash (Table 4 and Table 5) into equation
(6), the naphtha vapour phase recovery was
estimated at 83.6% and 82.8% for samples VLEO1
and VLEO2, respectively. Using these recovery
values, the molar quantities of naphtha initially
present in the samples, givenbyn,  ,/x, are 1.586
and 1.622 mmol for samples VLEO1 and VLEO2,
respectively. GC analysis of a neat sample of
process naphtha supplied by Suncor provided an
estimate of the mean naphtha molecular weight of
113.6 g/mol. Using this estimate of the molecular
weight of naphtha, the mass of naphtha initially
present in the samples can be evaluated at 0.180 g
and 0.184 g for samples VLEO1 and VLEO2. These
naphtha contents are close to the mass of naphtha
collected in the vapours during both flashes for each
sample (0.172 g and 0.184 g for samples VLEO1
and VLEOQ2, respectively). Since samples VLEO1
and VLEO2 had an initial mass of 68.716 g and
63.742 g, respectively, their naphtha concentrations
amount to 2623 ppmw and 2891 ppmw. These
quantities, averaging at 2757 ppmw, are
substantially higher than the analytical results
provided by Protocols A and B, which were 450 and
1847 ppmw, respectively.
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DEVELOPMENT OF A NEW METHOD
FOR NAPHTHA ANALYSIS IN TAILINGS

Diagnostic

Estimates of the naphtha content given by the
Vapour Flash method were significantly higher than
those given by Protocol A and Protocol B. An
investigation on the details of Protocols A and B was
conducted to determine the possible causes for the
discrepancy in the naphtha estimates. Considering
the different steps in the execution of the Analytical
Task, the major difference between Protocols A,
Protocol B and the Vapour Flash method lied in the
“Test sample preparation step”.

Rapid bench-top tests were conducted to
understand the challenges in the solvent extraction
of oilsands tailings samples. Contacting tailings
material with a non-polar hydrocarbon solvent, such
as Tetrahydronaphthalene, resulted in the formation
of an emulsion, which is unsuitable for GC analysis.
These emulsions were most likely stabilized by the
bi-wettable clays and the asphaltenic hydrocarbons
from the sample. Hydrocarbon extraction with
toluene or carbon disulfide led to similar
observations. Further consultations with the
analytical laboratory executing Protocol A pointed
out that avoiding emulsion formation when
contacting the tailings with THN required “gentle”
contacting with minimal mixing energy. However,
the minimization of the mixing action during the
extraction process is very likely to cause incomplete
mass transfer of the hydrocarbons from the tailings
into the extraction solvent, resulting in the
underestimation of the naphtha content in the
tailings sample that was observed.

The formation of an emulsion during the extraction
process can be eliminated by using an amphiphilic
solvent where both the water and the hydrocarbon
phase of the tailings can be dissolved. This was
partially accomplished by using Methanol in
Protocol B. While water is completely soluble in
Methanol, this solvent remains poor for solubilizing
bituminous hydrocarbons. It is likely that the
underestimation of the naphtha content in the
tailings samples by Protocol B came from the poor
solubility of the tailings hydrocarbon phase in the
extraction solvent of choice.

Modification of the test sample preparation step
While the Vapour Flash method offered many

datapoints to cross-check the quality of the
measurements, it is a very onerous method which is
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not suited for routine analysis. In contrast, Protocols
A and B provided an adequate framework for
routine analysis, however it was diagnosed that the
solvents used in these protocols were ill-suited for
this purpose. For the extraction of naphtha
hydrocarbons from oilsands tailings, a suitable
solvent should offer complete solubility for both
water and bituminous hydrocarbons, while
exhibiting minimal interference in the following
chromatographic process. To estimate the ability for
a solvent to dissolve bituminous hydrocarbons, a
comparison can be made on the basis of Hildebrand
solubility parameters: the closer the Hildebrand
solubility parameter between bitumen and a solvent,
the better the solubility. The Hildebrand solubility
parameter of Athabasca bitumen was estimated
between 18.25 and 20.2 MPa”* (Gray, 2015). Since
Methyl-Ethyl-Ketone (i.e. 2-Butanone, or ‘MEK’) has
a solubility parameter of 19.3 MPa” and has good
water solubility, it was screened as an ideal solvent
candidate for the extraction method of interest.

Using MEK as an extraction solvent for oilsands
tailings sample, the sample:solvent extraction ratio
was set as the compromise that could maximize the
analytical response of the hydrocarbons while
achieving complete water solubility. The optimum
extraction ratio was 1:7 sample:solvent on a mass
basis, which is applicable to tailings samples with a
solids fraction above 20 wt.%. More solvent might
be required to achieve complete water solubility at
lower solids fractions in the tailings materials.
Complete hydrocarbon extraction was achieved
after homogenizing the sample with the solvent for
10 minutes on a wrist-shaker and letting the extract
rest for 24 hours. Afterwards, extracts were
processed through 0.44 um syringe filters to supply
the aliquots required for GC analyses.

Gas Chromatography of MEK extracts

The GC analyses of the MEK extracts were carried
out using a Gas Chromatograph equipped with a
non-polar fused silica column (Restek RTX-1,
crossbond dimethyl-polysiloxane stationary phase)
with the following specifications: 0.53 mm ID, 1.5
pm stationary phase thickness, 30 m long. The
method used for the analysis was as follows: 40 °C
initial temperature, followed by a 10 °C/min
temperature ramp until reaching 240°C, followed by
a second temperature ramp of 25 °C/min until
reaching 300 °C with a final hold time of 22 min at
300 °C. Sample injection was performed by an
autosampler, with a volume of 1 pL injected in
splittess mode to maximize the analyte response.
The GC inlet temperature was set to 275°C. A
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constant flow of helium (9.5 mL/min at 40°C) was
used as carrier gas. The quantity of analytes at the
end of the column was determined by a FID
maintained at 330 °C with H2 flow at 40 mL/min, air
flow at 400 mL/min and He makeup flow at 20
mL/min.

The GC calibration was carried out with a set of 5
calibrants made with process naphtha diluted in
MEK (spiked with n-hexadecane internal standard
at ~1000 ppmw) with a concentration ranging from
0.01 wt.% to 1 wt.%. The calibration curve was
obtained by normalizing the sum of the peak areas
from naphtha hydrocarbons to that of the n-
hexadecane internal standard, and reporting it
against the calibrant concentration. It should be
noted that at low concentration, some of the minor
naphtha chromatogram peaks are susceptible to fall
below detection threshold. As a result, the
calibration curve exhibits non-linearity in the low
concentration range.

Several considerations should be accounted for
while processing the chromatograms of MEK
extracts of tailings samples. MEK is not commonly
available at purities greater than 99.5 wt.%, and
solvent impurities have a high likelihood of
interfering with the chromatographic response of the
analytes of interest (i.e. naphtha hydrocarbons).
Common impurities include but are not limited to:
acetone, propanol, butanol, ethyl-acetate,
tetrahydrofuran, pentanone, t-butyl acetate and n-
propyl acetate. While the shorter oxygenates from
this list generally elute at smaller retention times
than the analytes of interest, the larger oxygenates
may coelute with naphtha hydrocarbons. Hence,
solvent blank subtraction is required when
processing extract chromatograms. The solvent
blank subtraction process presents some
challenges because the water contained in the
sample extracts can cause some changes in the
retention times and the shape of the peaks
associated with MEK impurities, as well as baseline
drift.

RESULTS

Naphtha analyses were conducted in triplicates on
the reference FTT-affected MFT material supplied
by Suncor, using the new protocol relying on MEK
extraction followed by GC as previously described.
The naphtha content in the material was estimated
at 2912 + 341 ppmw. These results offer a very
good match to the data obtained by the Vapour
Flash method. The data confirmed that the Test
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sample preparation step was the main aspect of the
analytical procedure that needed to be revised to
close the gaps between the various analytical
results. It can be noted that the analyses, whether
from the Vapour Flash method or the MEK
extraction method, exhibit a significant variability
(~10% relative standard deviation). Subsequent GC
re-analyses of extracts have shown that the
variability associated with the chromatographic
process and the related data processing was within
2% relative standard deviation. These results
suggest that most of the analytical variability is
attributable to tailings subsampling.

CONCLUSIONS

Estimations of the naphtha content in tailings
samples using the Vapour Flash method have
revealed very large gaps between the true naphtha
content in tailings materials and standard protocols
that were used by analytical laboratories. On a
reference FTT-affected tailings sample, an average
naphtha content of 2757 ppmw was determined by
the Vapour Flash method, whereas Protocols A and
B only found 450 and 1847 ppmw, respectively. The
gaps in the analytical results were attributed to an
incomplete extraction of hydrocarbons through
standard protocols.

Therefore, a new analytical procedure was
developed with MEK as an extraction solvent with
the aim of fully solubilizing bituminous hydrocarbons
and water. This approach produced naphtha
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estimates of 2912 ppmw, which closely aligns with
the data obtained by the Vapour Flash method. This
analytical method can be used as a basis for a new
standard.

As presented, the analytical method would benefit
from several improvements. First, improvements on
material subsampling would address the main
source of variability in analytical results. Secondly,
more robust calibration and integration techniques,
especially to refine accuracy and precision at
concentrations below 100 ppmw on an extract
basis.
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ABSTRACT

Oil sands fluid fine tailings (FFT) are a byproduct of
oil sands mining and are considered a major liability
in oil sands mining due to environmental and
financial challenges. In 2018, Suncor Energy Inc.
(Suncor) commercialized a novel and proprietary
tailings treatment approach named Permanent
Aquatic Storage Structure (PASS). The PASS
program combines the use of an inorganic
coagulant and a polymer flocculant applied during
the tailings transport process. To support this
program, NAIT Centre for Oil Sands Sustainability
(COSS) and Suncor have worked together and
developed a benchtop-scale methodology to
evaluate and screen new polymeric tailings
treatment technologies for PASS program.

The developed protocol is designed for polymers
that will replace the current polyacrylamide (PAM)
in the combination of alum and PAM. This protocol
involves four stages: coagulation and flocculation to
treat fluid fine tailings (FFT) and shearing the
treated FFT using a custom-built shearing device to
simulate the conveyance process; settling on
conveyed treated FFT to produce release water and
observe the short-term consolidation; modified filter
press test to indicate the long-term consolidation
performance and produce enough release water for
water analysis; water chemistry analysis including
total suspended solids (TSS), routine water
chemistry (pH, alkalinity, electrical conductivity,
major cations and anions, etc.) and dissolved
organic carbon (DOC). The protocol is defined in
stages with key Pass/Fail criteria at each stage.

This protocol is a necessary step to reducing the
cost to technology providers and Suncor by the
bench-scale testing as the first step of polymer
screening. It ensures polymers to be tested in the
pilot/field have a good chance of success and
provides information on expected dosage and
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performance behavior to evaluate the business
case of new polymers.

INTRODUCTION

Background

Since 1967, surface mining of the oil sands deposits
in Northern Alberta has been a significant
contributor to Canada’s economy. Oil sands mining,
however, has created by-products and
environmental challenges in the form of tailings
ponds and fugitive emissions. Bitumen extraction of
oil sands leaves behind a waste product composed
of a combination of sand, silt, clay, and water. Sand
fractions are recovered for other uses relatively
easily, leaving behind a slurry of water, residual
solids, and bitumen known as FFT. By 2020, the
FFT inventory in Alberta had grown to 1,360 Mm?3
(AER, 2021). FFT is stored in large ponds until final
treatment and placement. These ponds represent a
major concern as they require perpetual
construction, maintenance, and observation,
increasing long-term liabilities for the industry
(Gulley and MacKinnon, 1993).

The oil sands tailings ponds represent a large and
growing liability for the province of Alberta and its
citizens (EDC and NRDC, 2017). In response to
growing tailings stockpiles and environmental
concerns, the Alberta Energy Regulator (AER)
released Directive 085, which requires oil sands
mine operators to ensure that all fluid tailings are
returned to a reclamation-ready state 10 years after
the end of mine life (AER, 2016). Suncor is a major
oil sands operator and reported 292 Mm? of total
fluid tailings inventory as of 2020 (AER, 2021).
Suncor is striving to reduce liabilities from tailings
waste by speeding up the path to reclamation
through a new tailings treatment technology in its
commercial-scale implementation of the PASS
project (Omotoso et al, Patent CA 2921835). PASS
creates a substrate that can be reclaimed into a
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Figure 1. Experimental process of PASS screening protocol at lab scale.
Table 1. PASS Screening Process for Qualifying Alternative Technology
Stage Description Criteria # of Tests Man days Timeline
Materials | e 1 benchmark polymer
. 1 new polymer
. Coagulantalum
. 3 FFT samples
0 Characterization of FFT . Composition by Dean & . Done in advance as we
samples Stark (D&S) received FFT
. Particle size distribution
(PSD)
. Methylene blue index
(MBI)
. Water chemistry
1 Determination of the 3 days 3 days
concentration of the new
polymer
1 . Dosage map usingthe | e CST is within20% of the | e 138 20 days 30 days
capillary suction time benchmark or lower flocculations
(CST) e  The optimaldosage . 54 conveyance
. 5 dosages to cover 2 window is within 20% of tests
under dosage, optimal the benchmark or wider | e 252 CST tests
dosage, and 2
overdosages
2 e  Settling for 1 month e The release water is e 216 settling 5 days 30 days
clear and colorless at tests
optimal dosage
3 . Modified filter press test [ ¢ The time to achieve 0.65 | e 216 filter press 20 days 30 days
CWR of filtered cake is tests
within 20% of the
benchmark or shorter
4 . Water analysis . Water chemistry is within | e 16 TSS tests 10 days 14 days
10% tolerance of ¢ 54 routine water
benchmark or better analysis
e 54DOC
5 . Report 10 days 14 days
Total 68 days 4.5 months
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man-made freshwater lake shortly after the end of
deposition in a mined-out pit.

PASS treatment is a two-step process (Figure 1).
Step 1 starts with a coagulant treatment to
immobilize, through precipitation and
chemisorption, the contaminants of potential
concerns in a freshwater lake such as some metals,
organic acids, hydrocarbons, and ultrafines
(COSIA, 2019). This is followed by the addition of a
flocculant that aids the rapid release of water from
the treated FFT. The treated FFT is subsequently
conditioned and conveyed through a pipeline to a
deposition area that acts as a settling basin. In Step
2, the treated FFT is analogous to lake sediment
settling over long periods after the end of the
deposition. As settlement of the treated FFT occurs,
pore water (water surrounding the individual solid
particles of the ftreated FFT) is continuously
expressed or released from the treated FFT to an
overlying water cap, which is connected to the
surrounding watershed. The immobilization process
ensures geotechnical stability of the lake landform
such that seepage through the pit walls or
expressed water to the lake meets federal and
provincial guidelines for the protection of aquatic
life.

PASS SCREENING PROTOCOL

To support Suncor for regulator asks — Directive 085
requires proof of performance before changing to
new polymers, NAIT COSS and Suncor developed
a lab-scale screening method for Suncor's PASS
application (Figure 1). This protocol is designed for
polymers that will replace the current HPAM in the
Alum + PAM PASS program. Through this lab-scale
protocol as the first step of polymer screening
before the pilot or field testing, both technology
providers and Suncor can reduce costs greatly. The
results from this protocol will provide information on
expected polymer dosages and performance
behavior to evaluate the business case of new
polymers, and ensure polymers tested in pilot or
field have a good chance of success.

Overall Evaluation Program

The chemical evaluation program was run through
a stage evaluation process with key Pass/Fail
criteria at each stage. In order for a chemical to
reach the stage of full field trials, it has to pass
through each of the stages outline in Table 1. The
time frame for a successful chemical to make it
through all four steps in this protocol is 4.5 months.
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The protocol identified the chemical that has been
used in the Suncor's PASS program as the
incumbent superior polymer.

Stage 0 — Materials and Characterization

Three types of FFT were used in this study and
characterized on Dean & Stark (D&S) for the
composition (Dean and Stark, 1920), Methylene
blue index (MBI) for the surface clay activity
(Kaminsky, 2014), particle size distribution (PSD)
for the fines content (COSIA, 2015), and water
chemistry (Table 2 and Table 3). Process effluent
water (PEW) was also characterized and used to
prepare diluted FFT (D4400) and polymer solutions.
Alum was used as the coagulant at a fixed dosage
of 950 ppm (Equation 1). Three polymers were used
in the protocol study: incumbent as the benchmark,
polymer-A, and polymer-N.

Equation 1.

1/C
X —— X Myqter

D
V (ml) = -

106
Where V is the volume of alum (ml), D is the dosage
of alum in ppm, C is the concentration of alum
(48.76%), G is the specific gravity of alum (1.33
g/ml), and m is the mass of water in sample (g).

Table 2. Characterization of FFT Samples.

FFT Minerals | Bitumen | Water MBI Fines | SFR | Density
Wit% Wt% wt% | (meq/100 g) | wt% (kg/m?3)
ES4400 32.45 2.15 65.40 10.6 90.60 [ 0.104 1213
ES3152 30.98 2.87 66.15 8.1 89.30 [ 0.120 1215
D4400 25.78 1.60 72.62 10.3 90.50 | 0.105 1161

Table 3. Concentrations of major cations and
anions of FFT samples and PEW. Unit is ppm.

Ca2+
13.0
1.7
127

CI
785
684
859

Br-
3.6
3.6
9.3

Li*
0.1
0.1
0.4

Na*
942
858
115
0
754

Sample
ES4400
ES3152
D4400

NO,~
13

NO,-
8.9

SO2
209

NH, | K*
92 | 134

MgZ*
8.9

1.4
13.9

8.6
4.9

160
351

9.7
0.0

12.5
20.1

7.1
9.5

PEW |583| 0.0 [38] 52 | 258 | 0.1 00 [118 |64 [ 73

Table 4. Water Chemistry of FFT Samples and
PEW.

Sample EC pH [ Total alkalinity as | NAFC DOC
(uSicm) CaCO; (ppm) (ppm) | (mg/L)

ES4400 4267 8.7 561 72.5 70.6

ES3152 3920 8.7 565 57.8 79.8

D4400 4190 9.1 836 62.7 66.4

PEW 3370 9.2 632 20.4 38.1
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Stage 1 — Dosage Map

This stage was to screen a new polymer based on
the dosage curves against the benchmark polymer.
Two main treatments were in this stage: coagulation
and flocculation, and over-shearing to simulate
conveyance. The pass criteria of this stage were as
follows.
¢ Clay to water ratio (CWR) of conveyed flocs
at optimal dosage was within 20% of
benchmark or higher.
e Capillary suction time (CST) at optimal
dosage was within 20% of benchmark or

lower.

e The optimal dosage window was within
20% of the benchmark or wider
(robustness)

Determination of the polymer solution

concentration. The concentrations of the tested
polymers were determined by the viscosity
properties of the polymer solutions. Each polymer
was prepared to the concentrations from 0.1 wt% to
1.0 wt% and tested to determine the consistency
index (Cl) using a rheometer and Power Law Model.
Based on the experience provided by Suncor, a ClI
of 1000 — 1500 cp range was a good match for
mixing the polymer into the FFT (Sadighian, et al.
2018). One concentration of each polymer in this
range of Cl was chosen for further assessment. In
this example, 0.45 wt% of all three polymers were
used for the protocol study.

Coagulation and flocculation. The 6" cup
technique (Figure 2) was used to coagulate and
flocculate FFT; it used a torque monitoring
overhead (Heidolph Hei-Torque 100 Precision
Base) with a paddle mixer and a baffled beaker.
This technique named the “torque-oriented mixing
technique” was a semi-automatic method and easy
to operate providing repeatable and reproducible
flocculation results (Li, et al. 2011; Li, et al. 2022).
Each test was conducted using a 1 L FFT sample.
Mix the FFT sample for 1 min at 300 rpm to pre-
shear the slurry. Inject the desired volume of alum
(Equation 1) using a 1 ml syringe within 1 second
while mixing at 300 rpm. Mix for 10 seconds, and
then decrease the mixing speed to 80 rpm and
continue to mix for 13 minutes. The 13 minutes of
mixing was to simulate the transportation of the
alum-treated FFT in the field. Increase speed to 300
rom and inject the desired volume of polymer
solution using a peristaltic pump (ColeParmer
Drive/DISP MFLX BENCH 115/230) at a fixed flow
rate of 1200 ml/min. The filler nozzle with 1/4" ID for
polymer injection was inserted into the FFT slurry at
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a depth of 5 mm. Continue mixing at 300 rpm while
monitoring torque response on the overhead mixer
screen. When torque reached a peak value and
began to decrease, immediately decrease mixing
speed to 50 rpm. Condition the flocs by mixing at 50
rpm for 15 seconds.

Overhead mixer with
torque monitoring

Flocculation
vessel

i
= " solution
0w

Figure 2. Coagulation and flocculation setup.

6" Metal Cup

Vessel

9.27"|

6.05"

Figure 3. Schematic dimensions of coagulation
and flocculation vessel, baffles, and
impeller.

Conveyance Treatment (Li, et al. 2022). A custom-
built small-scale shearing device (conveyance
tester), which was designed with a rotating inner
cylindrical bob inside a stationary outer cup, was
used to simulate the energy input onto treated
tailings delivered by shear during pipeline transport
to the tailings pond (Figure 4). The size of the bob
assembly was 23.2 cm in diameter and 54.7 cm in
height. The cup assembly was 24.4 cm in diameter
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and 55.3 cm in height. The gap between cup and
bob was 5 mm. Eight evenly spaced baffles on the
bob and cup surfaces minimized sample wall slip.
To prevent the build-up of bitumen on the testing
surfaces, the conveyance tester was thoroughly
cleaned between each run. Testing setpoints for the
rotational speed of the bob and duration of shearing
were calculated to represent field pipeline size and
tailings transportation flow rate.

Mixer

—— Touch Screen
Control Center

_~ Tower Assembly
—

Ball Screw

Spray Shield e

Cup Assembly -

Sensor - ~ Stepper Motor

Pump

Base

Dpop = 232mm

R ——_

|
|
|
|
|
|
|
|
|
F

Deyp= 244mm

cup = &

Figure 4. Schematic of the shearing device (top)
and overhead view of cup/bob (right)
with key measurement (bottom).

In this protocol, the conveyance condition was
designed based on the field pipeline (22" in
diameter and 1000 m in length) and treated tailings
flow rate (1950 m3/h) to simulate the shear energy
input (~1500 kJ/m3®) into the treated tailings by
transportation in the pipeline to the tailings deposit.
Two batches of coagulated and flocculated FFT
were treated for one batch of conveyance testing.

Dosage map. In general, the flocculation
performance of the polymer increases with the
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dosage up to a certain optimum point and then
decreases with further addition of the polymer due
to the repulsion between the polymer-covered
particles (Vedoy, et al. 2015). Full dosage response
curves including under dosages, optimal dosages,
and overdosages were performed for all three
polymers on all three FFT samples (Figure 5 for
both solids-based dosages and clay-based
dosages). CST tests on the conveyed flocs were
used to obtain the dosage curves. CST is designed
to test homogenous and well-mixed slurry samples
which can be applied to the conveyed flocs.
According to the results in Figure 5, the optimal
dosage window range of polymer-A was smaller
and out of 20% of the benchmark for the FFT
ES4400 and ES3152. This indicated that polymer-A
was less robust than the benchmark to treat
different types of FFT. The robustness of polymer
dosage is critical to mitigating the variance of FFT
compositions at the field. As a result, polymer-A
failed on FFT ES4400 and ES3152 for the optimal
dosage window at this stage. Polymer-N was a
better candidate than the benchmark because the
optimal dosage window shifted to a lower dosage
range.

Stage 2 — Settling Test

This step was to screen a new polymer based on
the release water quality (color and clarity) against
the benchmark polymer after 1-month of settling.
The pass criteria included that
e The release water was clear and colorless
at the optimal dosage
e Total suspended solids (TSS) in the release
water were within 20% of the benchmark or
lower.

Figure 6 shows that the FFT without treatment or
treated with a very low polymer dosage did not
settle in 1 month. The polymer added in the range
of optimal-500 ppm and optimal+500 ppm had a
significant effect on the short-term water release.
The release water at under dosages, optimal
dosage, and optimal+250 ppm were clear and
colorless.

Figure 7 shows that both polymer-A and polymer-N
produced clear and colorless water at under
dosages and optimal dosages. But overdosing
leads to poor water quality. The TSS results (Figure
8) combined with Figure 7 results indicate that both
polymer-A and polymer-N passed this stage.
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Figure 5. Dosage curves of three polymers (benchmark, polymer-A, and polymer-N) treatments on
three FFT samples.

Optimal+ Optimal+
250ppm 500ppm

Optimal-  Optimal-
500ppm 250ppm

Optimal

Figure 6. Photos of FFT ES4400 treated with alum and bench polymer after 1-month of settling.
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Figure 7. Photos of three types of FFT treated with alum and three tested polymers after 1-month of

settling.
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Figure 8. The total suspended solids (TSS) contents of the release water after 1-month settling.

Stage 3 — Modified Filter Press Test

This step was to obtain enough water for water
analysis and to indicate the long-term consolidation
performance of the FFT treated with different
polymers using a modified filter press. The filter
press modified by NAIT COSS applied gas pressure
to the sample but removed the limitation on
dewatering time due to cracking (Li, et al. 2021).
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This permitted an assessment of dewatering
performance of different tailings treatments at much
higher solids contents. It was believed that pressure
filtration could be an indicator of long-term
consolidation trends. The criteria of Stage 3 was
that the filtration time to achieve 0.65 CWR of
filtered cake is within 20% of the benchmark or
shorter.
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Figure 9. Normalized time to achieve 0.65 CWR of filtered cakes for three types of FFT treated with

alum and three tested polymers.

Figure 9 shows the normalized time (Equation 2) to
achieve the targeted 0.65 CWR increased
substantially at under dosages or overdosages
(optimal+500 ppm) compared with optimal dosages
Compared with the benchmark polymer, polymer-A
failed on the FFT D4400 and polymer-N passed this
stage.

Equation 2.

t
Normalized time = —

0.65

Where toes is the time to achieve 0.65 CWR of the
treated FFT; Toss is the time to achieve 0.65 CWR
of the untreated FFT.

Stage 4 — Water Analysis

The purpose of this stage was to use regular and
low-cost water analysis to screen the polymeric
flocculant. The filtrates from Stage 3 produced by
different treatments on 3 FFT samples were tested
on routine water chemistry (pH, alkalinity, electrical
conductivity (EC), hardness, total dissolved solids
(TDS), hydroxide, major cations, and major anions)
and dissolved organic carbons (DOC). The criterion
of stage 4 was that the release water chemistry was
within 10% tolerance of benchmark or better.
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Representative water chemistry results of DOC,
dissolved Calcium, and EC are shown in Figures
10-12. Polymer-A failed at the DOC testing on the
FFT D4400 and polymer-N passed this stage.

DOC at Optimal Dosages
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Figure 10. DOC results of water produced by
three types of FFT treated with alum
and three tested polymers at the
optimal dosages.
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Figure 11. Dissolved calcium concentrations of
water produced by three types of FFT
treated with alum and three tested
polymers at the optimal dosages.
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Figure 12. EC results of water produced by three
types of FFT treated with alum and
three tested polymers at the optimal
dosages.

Timeline of the Screening Protocol

The Screening protocol has two phases and takes
4.5 months to screen one new polymer alongside
the benchmark polymer on three types of FFT
(Table 5). If the new polymer fails in Phase 1, Phase
2 will not proceed. In this case, the client will only be
charged for Phase 1 scope.

Table 5. Timeline of the PASS screening
rotocol.

Phase Stage Timeline

1 0-2 and report | 80 days

2 3-4 and report | 60 days
Total 4.5 months
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IMPORTANCE OF DOSAGE MAP

One of the key findings from this research is the
importance of testing polymers on multiple FFT and
in evaluating the performance over a range of
dosages. For example, while the benchmark
polymer has an optimal point just shy of 3000 g/t for
all three FFTs with a CST of ~200 s the optimal point
for Polymer N varies greatly — from ~3000 g/t for
ES4400 to ~2250 g/t for the other two FFTs. This
variation may point to the issue of achieving stable
performance in the field with Polymer N.
Understanding the potential range of performance
can allow for better predictions of overall deposit
performance knowing that there is a range of
dosages that will be applied to a range of FFT in the
field.

CONCLUSION AND FUTURE WORK

The present work uses three polymeric flocculants
combined with the incumbent PASS coagulant alum
as examples to present the bench scale screening
protocol for Suncor's PASS program. There are a
large number of chemicals proposed by various
vendors for tailings treatment. Chemical screening
is cumbersome, expensive, and long in duration
from laboratory screening to field test — the shortest
development timeframe is 12 months. This protocol
should allow polymers passing this 4.5-month
bench scale process to skip the expensive pilot loop
process and go directly to a field scale trial while
providing a larger degree of certainty to the
regulator about the expected performance of the
polymers.
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ABSTRACT

The Canadian oil sands operators have
implemented various tailings technologies over the
past 25 years with mixed success. Challenges with
high capital and operating costs as well as less-
than-optimal results in progressing the ultimate
reclamation of the mine site have been seen.

The dewatering of fluid fine tailings (FFT) from the
Canadian oil sands operations is a critical issue.
The objective of enabling low risk sustainable mine
closures has driven evaluation of technologies
ranging from atmospheric drying to managing a fluid
slurry.  Process options such as thickening,
centrifugation and filtration have also been pursued.
Depending upon the tailings structure the ability to
drain the fluid tailings and thereby reduce the
potential tailings liquefaction is an important
consideration.

Extrakt Process Solutions has developed a novel
and effective high-rate dewatering technology,
named TNS™; which is able to treat high clay
content streams (<20-micron clays and slimes).

This novel dewatering technology quickly and
efficiently dewaters tailings to produce a potentially
stackable material while producing a clear
supernatant water stream. The test program carried
out using a laboratory centrifuge confirmed these
benefits. These results show well-defined
dewatering patterns when using TNS™ technology,
including a very fast rate of initial water release, in
which most of the water is released shortly after
treatment. As a result, an additional 18% volume of
FFT can be accumulated in the deposit in this first
year of operation. Furthermore, the robustness of
this technology was demonstrated by the low impact
of mixing shear and precise chemical dosing on its
performance.

As a result of the efficient tailings dewatering,
TNS™ technology offers flexibility for placement
strategy and final configuration of the tailing's
storage facilities. Data using other feedstocks
suggest that improvements in solid-liquid
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separation efficiency make it possible to achieve
stackable geo-stable filtered tailings.

INTRODUCTION

Background

Extracting bitumen from surface-mined oil sands
produces a fluid tailings stream that is composed of
sand, fines (silts and clays), water and lesser
amounts of unrecovered bitumen. Due to the poor
engineering properties of these fluid tailings, its
storage and disposal is a challenge for industry.

Oil sands tailings management is a major challenge
for the Alberta oil sands industry, both operationally
and in meeting the environmental protection
requirements and  government regulations
(Znidarcic and Miller 2011).

Much of the FFT is stored in tailings ponds, where
consolidation of the fine solids progresses at a very
slow rate. Experimental data collected by multiple
Alberta oil sands operators shows that solid
particles in a tailings pond settle out of the water at
different rates that are related to particle size and
density, sand particles settle quickly while smaller
particles (44um or less) tend to remain suspended
for decades (AER 2021).

Oil sand operators have been seeking innovative
ways to manage fluid fine tailings; most of the
Alberta oil sands companies have been considering
multiple options. The existing tailings dewatering
technologies involve making use of natural
dewatering processes (e.g., self-weight
consolidation, atmospheric drying, freeze/thawing)
and physical/mechanical processes (e.g., filtration,
centrifugation,) or mixing tailings with varied
materials and wastes to improve the dewatering
(BGC, 2010). Some of these technologies have
proven difficult and costly to implement
commercially while others have limited applicability.
The trend in the mining companies beyond the oil
sands industry is often towards higher performing
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thickeners and filters to produce geo-stable tailings.
Often the best available practice is to dewater the
tailings via filtration to reduce the potential for
liquefaction, which can lead to dam failures and
potentially devastating consequences.

The objective of government regulations in this area
is to establish directives to manage and decrease
liability and environmental risk associated with the
accumulation of fluid on the landscape. In 2015, the
“‘Lower Athabasca Region: Tailings Management
Framework for Mineable Oil Sands (TMF)” was
released to increase the rate of reclamation and
enhance the reduction of tailings ponds, while
Directive 085 (2016 and updated in 2017) under the
Oil  Sands Conservation  Act  enables
implementation of TMF and aligns with the Lower
Athabasca Regional Plan (AER 2021).

TNS™ Technology

Extract Process Solution has developed a tailings
solution which is applicable for the oil sand tailings.
The TNS™ technology is novel, economic and
sustainable solution for the treatment of fluid fine
tailings. This technology excels where other
processes often fail in its ability to process and
dewater high clay content streams (<20um clays
and slimes).

TNS™ technology is an innovative approach to
solids/liquids separation that overcome one of the
fundamental technical issues with clay slurries from
oil sands tailings (low permeability and high
compressibility). TNS™ differs from conventional
technologies by disrupting the surface charge of the
particles, by altering and/or destabilizing the surface
electrical charge of the particles, allowing the
particles to coagulate, flocculate and consolidate.

The innovative chemical formulation of the TNS™
solution allows a faster and more efficient phase
separation (solid/liquid) than other formulations on
the market.

The sedimentation test results of Mature Fluid
Tailings (MFT) show that the TNS™ treated sample
mixtures settle very rapidly compared to the
untreated MFT that takes years to settle.

Figure 1 shows that the untreated and TNS™
treated Albian MFT undergo similar compression
when subjected load (effective stress). This shows
that these materials release water in a similar
manner when deposited and placed under self-
weight or additional load.
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However, Figure 2 shows that they dewater to
achieve this final volume quite differently. This is
important since the time to release water and thus
increase the solids content governs the storage
volume required and the strength that develops
within the deposit. Figure 2 shows that the TNS™
treated MFT maintains a hydraulic conductivity
about 10 time greater than the untreated Albian
MFT for all void ratios. Comparison of the TNS™
treated MFT with the conventional polymer treated
MFT shows that while the conventional polymer
treated MFT may have greater hydraulic
conductivity for void ratios higher than between 2.5,
the TNS™ treated MFT shows significantly higher
hydraulic conductivity at lower void ratios. The
important observation from this test data is that
while the conventional polymer-only treatment
dewaters well to ~54% solids content, but above
54% solids content, the TNS™ treatment will
dewater the sample much faster. It should be noted
that at a void ratio of 1.5 (solids content 64%) the
TNS™ treated MFT  sample  dewaters
approximately 10 times faster than the conventional
polymer-only treated MFT sample.

Figure 3 shows the variation of shear strength with
decreasing void ratio for the TNS™ treated
samples. At a void ratio of 1.5 (64 % solids content)
the material has strengths of between 4 and 7 kPa.
This strength increases to between 20 and 40 kPa
as the void ratio decreases to 1.0 (73 % solid
content) for the samples tested. This strength data
indicates that at solid contents greater than 70% the
strength is sufficient to cap a deposit and the begin
reclamation using lightweight earth moving
equipment

Florman et al (2021), uses the TNS™ technology to
treat a different variety of tailings (phosphate slimes
tailings and porphyry copper tailings) using different
operational parameters for the solids-liquid
separation. Also, a high-level economic analysis
demonstrates the efficacy of TNS™ technology as
a sustainable solution to solids-liquid separation
applications to achieve stackable filtered tailings

Extract Process Solution (2017) carried out a MFT
treatment pilot plant study in Canada. In these test
runs two tanks, one containing MFT and the second
containing the TNS, were connected to a positive
displacement pump. The slurry was then pumped
through a length of pipe. The length of pipe could be
varied to change mixing time. The slurry then
emptied onto a simple wooden flume to allow gravity
drainage, as shown in Figure 4. As the TNS/MFT
slurry emerged from the mixing pipe onto the flume
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the solids had already partially separated from
liquids. The latter appeared to be a mostly clear
stream with minimal suspended particles. The slurry
quickly drained to give a material that could be
pressed by hand to give a cohesive solid ball, again
with a solids content of 75%, as shown in Figure 5.
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~=#— MFT- Extract TNS-P1

Fine void ratio
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Figure 1. Compressibility Curves for TNS™-
MFT-Polymer Samples and Untreated
Albian MFT
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Extrakt TNS™-P2 Samples.
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Figure 4. Slurry emerging from the pipes on a
flume to give simple gravity
dewatering

Figure 5. Slurry squeeze by hand to give a
consolidate material with a solids
content of about 75 wt.%

These results suggest that this novel dewatering
technology (TNS™) potentially can produce a
stackable stable tailing with enhanced water
recovery. TNS™ technology allows for flexibility in
placement strategy and final configuration of the
tailing's storage facilities.

As is well known, each oil sand operator has a
different configuration and logistics regarding the
tailing ponds; the interconnection between each
pond is different. Therefore, the best process
configuration of the TNS™ technology for each
case will depend on the characteristics of the
material to be processed and the final purpose for
the water recovered using this technology. As part
of this paper a generic TNS™ process
configuration, will be discussed.
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SETTLEMENT AND CONSOLIDATION
TESTING

A test program was conducted using a bench-top
centrifuge developed by Suncor and COANDA.
These centrifuges are used for modelling self-
weight consolidation and for deriving consolidation
parameters of soft soils. Experimental data obtained
using this equipment has confirmed the prior results
from conventional large strain consolidation tests.

The flocculants/polymer type has a major influence
on the settling/consolidation behavior of the tailings;
the main objective of this study is to compare these
performances of a commercial flocculant used in the
oil sand operation against the TNS™ technology.

MATERIALS and METHODS
Materials Characterization

The basis properties of fine fluid tailing (FFT)
material and the oil sands process water (OSPW)
used for this investigation are reported in Tables 1
and 2.

Apparatus

The bench-top centrifuge allows four samples to be
evaluated simultaneously using the same FFT while
the laser displacement sensor follows the
consolidation process as a function of time. The
machine is coupled with centrifuge modelling
techniques software that can predict the
consolidation process in an accelerated manner.
One hour of centrifugation time is equivalent to
approximately one year of self-weight consolidation
in the field. Details about centrifugation of oil sands
tailings is available in several references (Sorta et
al 2012), (Sorta et al 2013), (Sorta et al 2015),
(Sorta, 2015).

Table 1. FFT Basic Properties

Properties FFT
Density, g/mi 1.217
Bitumen Content, wt% 1.7
Solid Content, wt% 28.6
MBI, meg/100ml 11.1
Clay Content, wt% (< 2 pm) 80
Fines Content, wt% (< 44 um) 96.9
Sand to Fines Ratio 0.03
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Table 2. Oil Sands Process Water
(OSPW) - Basic Properties

Properties OSPW
pH 7.9
Conductivity, uS/cm 1580
Hardness (CaCOs3), mg/L 245
Alkalinity (Total as CaCOg3), mg/L 405
Total Dissolved Solids (TDS), mg/L 1120
Naphthenic Acids, mg/L 22

Test Methodology

Both reagents (commercial polymer and TNS™
solution) were prepared using OSPW and following
the typical standard procedure provided by the
polymers’ manufacturer. The polymer solution
dosage was prepared in the typical range used in
the day-to-day operation of the Canadian oil sands
industry (1000 to 1400 g/tonne of tailings solids).
While for the TNS™ solution, different dosages
were explored.

The preparation of the samples to be evaluated in
the centrifuge were prepared following the same
procedure for both reagents. The FFT material and
the reagents are properly mixed and then transfer
to the centrifuge container as shown in Figure 6.
The sample volume for all centrifugation
experiments was the same.

Different centrifugation times were explored to
simulate different field consolation times, all data as
a function of time for the separation process were
recorded numerically and via video (Figure 7).

After centrifugation, the liquid and solids are
separated, the supernatant liquid is collected and
weighed, while the solid is transferred to a
previously weighed container and then dried in a
conventional oven at 105 °C for 24 hours (Figure 8).
The weight of the container, the weight of the
material transferred to the container as well as the
weight of the container with the dried solid are
recorded to determine the final of solids content at
different centrifugation times.

The polymer dosage in the TNS™ solution is
between 13 to 50 wt.% lower than the typical
industrial dosage, depending on the process
configuration and characteristics of the material to
be processed.
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RESULTS AND DISCUSSION
Effect of TNS™ Solution Dosage

The first set of centrifuge experiments evaluated the
effect of TNS™ concentration on the final solid
concentration in the cake. Three TNS™ dosage
were tested, one the normal TNS™ dosage while
the other two has a TNS™ concentration + 8% with
respect at the normal TNS™ dosage.

The results of the impact of TNS™ dosage on the
solid concentration for the 1 year of consolidation (1
hour of centrifuge) are plotted in Figure 9. The
Figure 6. FFT treated with TNS™ solution overall performance of the TNS™ technology is
before centrifugation slightly affected by TNS™ dosage, however in the
early stages on the consolidation process (before
60 days) the higher TNS™ dosage show a higher
dewatering rate than the other two dosages.
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Other criteria used to select the proper TNS™
dosage was the clarity of the supernatant water
obtained after the centrifugation process, for the

three dosages used, no significant differences were
observed.
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Figure 9 illustrates one of the potential benefits of
the TNS™ technology, which is to provide some
flexibility on the day-to-day operation in terms of
adjusting chemical dosage without large
performance impacts. This ability to treat FFT with
a range of dosages will be beneficial in dealing with
of the expected variability of the FFT composition.
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Figure 7. Treated FFT samples during
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process
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Figure 8. Centrifuge Cake sample for FFT  Figure 9. Effect of TNS™ solution dosage on
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Effect of Mixing Shear on TNS™ Performance

One of the operator's challenges during the
flocculation of a FFT stream is to prevent the flocs
from breaking from applied shear during the mixing
of the chemical and the FFT; this can be a critical
issue depending on the FFT-chemistry interaction,
and in certain cases leads to an irreversible loss of
flocculation and dewatering performance.

Using the normal dose of TNS™, another series of
experiments was carried out in which the impact of
mixing shear on the final solids content of the cake
was investigated. In the first FFT sample, the TNS™
solution was added and mixed until the first flocs
appeared. While in the second sample (at the same
dose of TNS™) the mixing time was much longer
and more intense."

Figure 10 shows that the TNS™ technology shows
a similar dewatering rate for both cases with normal
flocs obtained under the most typical mixing
conditions currently used in the industry, while
“small flocs” are obtained under longer time at
higher mixing shear.

This result show that the difference in mixing shear
has a minimal impact on TNS™ treated FFT
performance (final solid content in the cake) which
is also indicative of the robustness of this
technology.
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Figure 10. Effect of Mixing Shear on TNS™
Performance

Effect of TNS™ on the Tailings Dewatering
Process

The impact of TNS™ technology on the dewatering
process of an FFT material was investigated and
compared with the results obtained for an FFT
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treated with a commercial polymer. Figure 11
summarizes the results for both reagents for a
centrifugation time equivalent over 14 years of
consolidation time. For reference, centrifugation
data for untreated FFT is also presented. The same
FFT is used in all cases.

Figure 11 shows an initial rapid dewatering process
for the TNS™ technology compared to the
conventional polymer, as expected, the
performance of both reagents exceeds the
performance of the untreated FFT. Figure 11 also
shows that after extended periods of time (over 14
years) all treatments reach similar solids contents.

From Figure 11, the dewatering process with the
TNS™ technology can be described in 3 regions:

1. A very rapid rate of dewatering shortly after
treatment. This is one of the main
advantages of this technology.

The observed efficient water release for the
next ~two years resulting in the rapid
plateauing of slurry solids contents.

The ultimate final solids content is attained
after only 3 years, with only minor change
thereafter.

Another qualitative observation from these
experiments is the consistency of the solid cake
after the centrifugation process (Figure 8). The solid
cake obtained for the TNS™ technology has more
structural integrity and is easier to transfer from the
centrifugate container to the aluminum pad than the
cake from conventional polymer; finally, as
expected an unstable solid cake was obtained from
centrifuged untreated FFT.

Certainly, further characterization is required to
quantify this experimental observation about the
characteristics of the solids obtained from the
TNS™ technology, but this initial observation may
be related to the ability to support sustained
drainage from a deposit, also suggesting that
TNS™ treatment of high-clay material may allow
FFT to be processed efficiently in a thickener or
pressure filter.
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® Slurry treated with TNS
® Slurry treated with Polymer

® Untreated Slurry

Final Solid Content in slurry, wt%

9 10 11 12 13 14 15 16

Time, years

Figure 11. Effect of Reagents on FFT
Consolidation Process as Function of
Time (prolonged period of time).

Impact of TNS™ Technology of the Oil Sands
Tailings Ponds Facilities

It is reasonable to expect that rapid dewatering
process will have an impact on the management of
the storage capacity with time.

To estimate this potential impact a very simple
mathematical model has been developed using the
experimental data obtained from the centrifugation
experiments. The ratio between the volume of slurry
produced after centrifugation (SV2) and the volume
of slurry treated (SV1) is estimated.

A lower ratio between slurry volume produced (after
centrifugation) and the volume of FFT treated
implies a lower amount of material to be deposited
in the deep deposit. In other words, TNS™
technology enables better management of the
tailings deposit capacity as a function of time as
shown in Figure 12.

For 1 year period

e The TNS™ technology will produce 0.47m3
of slurry per m3 of FFT treated while the
conventional polymer will produce 0.57m?
of slurry per m? of FFT treated

e As result an additional 18% volume of FFT
can be accumulated over this frame time (1
year) for the same deep deposit capacity
when using TNS™ technology.

For the whole 14-year period

e TNS™ technology will allow an additional
38% volume of FFT over this frame time (14
years) for the same deposit capacity.
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Figure 12. Impact of TNS™ Technology on the
Management of Tailings Ponds
Capacity.

Process Configuration for the TNS™
Technology

TNS™ technology can be adapted to different
process configurations that are defined based on
client requirement and needs.

Figure 13 shows a generic process configuration for
the TNS™ technology based on the results
obtained in this work.

e The tailing pond material (FFT) is mixed with the
TNS™ solution, different mixing choices can be
explored (pipeline turbulence, online mixer,
etc.).

e In the context of this work, a centrifugal device
was used as a solids-liquid separation device;

however, other solids-liquid separation
equipment and a combination of them
(thickener, vacuum filter, filter press, or

pressure filter) have been used on a small scale
with similar feedstock in the facilities of Extrakt
in the USA. Selection of solids/liquid separation
devices depends on the client’s need and the
final disposal of the solid (for instance deep
deposit).

e The Water Treatment System (WTS) has the
main objective of delivering a water to
specification for future intended purpose. One
of the advantages of the TNS™ technology is
the clarity of the supernatant stream obtained
after solid-liquid separation step, which will
have a positive impact on the design of the
WTS.

¢ Anotherimportant consideration in the design of
the WTS is the expectations and needs of the
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client regarding the management and use of the
water recovered through the treatment process.
This can range from being used for utility
services (steam production), use in the bitumen
extraction process or to be discharged back to
environment.

Tailings )
Solid & Solids to
Liquid Reclamation
Separation
Reagents "
E !
] Water Clean Water
; —— —— >
Reject | Treatment
Recycled System

Figure 13. Generic Process Configuration for
the TNS™ Technology

SUMMARY

e Accelerated Dewatering 18% additional
water release achieved in first year
compared to commercial polymer
technology. TNS™ technology offers a high
rate of initial dewatering.

e TNS™ technology allows better
management of deposit capacity by
producing a lower settled slurry volume per
volume of FFT treated.

e This enhances Deep Deposit performance
reducing volume contained and significantly
increasing volume of expressed water for
recycle or treatment.

e TNS™ {reatment produces a clear
supernatant water stream indicating high
fines capture.

e TNS™ technology reduces the time
required to complete solids settlement and
consolidation in the ponds.

e TNS™ technology offers flexibility in
dosage and shear used during the mixing
with the FFT stream providing a large,
robust operating window.

e Plug and Play TNS™ technology can be
implemented using a similar process as
currently being used for FFT treatment and
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can use a single injection point for reagent
addition.

e High reproducibility for the TNS™
technology ensures a reliable day-to day
operation with a robust and flexible
process.

e High water release provides the operator
with ability to reduce long term lability
associated with slower consolidation rates.

FUTURE WORK

The TNS™ technology is ready to be implemented
in the Alberta oil sands industry.

From previous results and those reported in this
work, it can be concluded that the TNS™
technology has a significant impact on changing the
behavior of FFT solids and opens the possibility of
improving the operation of centrifuges, thickeners,
and pressure filters, as well as for deep cohesive
deposits for the Alberta oil sands industry.

Extrakt has the technological and infrastructure
capacity to perform test work relevant to the unique
situation of each oil sands operator.

ACKNOWLEDEMENTS

The authors acknowledge the technical support and
assistance of lan Mountain, we greatly appreciate
his help in facilitating the lab scale centrifuge tests.

REFERENCES

Alberta Energy Regulator (2021), State of Fluid
Tailings Management for Mineable Oil Sands, 2020,
September 2021

BGC Engineering Inc, (2010). Oil Sands Tailings
Technology Review. OSRIN, University of Alberta,
School of Energy and the Environment, Edmonton,
Alberta. OSRIN Report No. TR-1. 136 pp

Bereket, T.F, Wilson, G.W., and Simms, P.H. 2018.

Assessment of self-weight consolidation of
flocculated fluid fine tailings wunder various
environmental Condition. 21st International

Seminar on Paste and Thickened Tailings, Perth,
Australia., DOI:10.36487/ACG rep/1805 23 Fisseha




I0STC 2022, Edmonton, AB - December 4-7, 2022

Florman, W., Kujawa, C., Sego, D., (2021) Novel
Dewatering Technology by Extrakt Process
Solutions, Tailings Mine Waste Conference, Banff
07-10 Nov 2021

Sorta, A. R., Sego C. D., and Wilson W. (2012),
Effect of thixotropy and segregation on centrifuge
modelling. International Journal of Physical
Modelling in Geotechnics, V4, Issue 4, 143-161.

Sorta, A. R. (2015) Centrifugal Modelling of OQil
Sands tailings Consolidation, PhD Dissertation
Thesis in Geotechnical Engineering Department of
Civil and Environmental Engineering, University of
Alberta.

92

Znidarcic, D., and Miller, R. (2011), Consolidation
testing of Oil Sand Fine Tailings, Proceedings
Tailings and Mine Waste 2011, Vancouver, BC,
November 6 to 9, 2011.

Sorta, A. R., Sego C. D., and Wilson W (2013).,
Behaviour of oil sands fines-sand mixture tailings.
Surface Mining Vol 4 No4, , V4, 265-280.

Sorta, A. R., Sego C. D., and Wilson W., (2015)
Physical modelling of oil sands tailings
consolidation. International Journal of Physical
Modelling in Geotechnics.



I0OSTC 2022, Edmonton, AB - December 4-7, 2022

APPLICATION OF NANOCELLULOSE FILAMENT (NFC) IN ENHANCING

THE GEOTECHNICAL PROPERTIES OF OIL SANDS TAILINGS
Yunhai Zhang', Nicholas Beier', Keith Gourlay? and Gurminder Minhas?
"University of Alberta, Edmonton, Alberta, Canada
2Performance BioFilaments Inc, Canada

ABSTRACT

Nanofibrillated Cellulose (NFC), a novel
renewable material derived from wood fibers, has
unique mechanical, rheological, and physical
properties. Its high performance has been proven
in various applications when wused as
reinforcement agents or rheology modifiers. This
study evaluated the performance of NFC to
enhance the strength and density of the oil sands
tailings, in support of reclamation and closure of
the tailings deposits. The dose based on dry solid
mass in fluid fine tailings (FFT) samples, mixing
speed, and mixing time were evaluated to
understand the impact of NFC combining different
sample preparation processes on the behavior of

FFT related to reclamation. The short-term
settling characteristics and the long-term
geotechnical behavior of different tailings

mixtures including NFC amended FFT, NFC
amended centrifuged FFT, and FFT treated by
NFC combined with polymer were evaluated. The
laboratory results indicated that by adding NFC,
the yield stress, and the long-term shear strength
gain under atmospheric drying of FFT samples
were enhanced. A target NFC: FFT dose of 0.2
wt.% was determined as a promising long-term
shear strength gain was observed under
atmospheric drying. However, the settling
behavior and the freeze-thaw were not effectively
enhanced by adding NFC.

INTRODUCTION

The oil sands industry has produced a significant
volume of tailings for over half a century. In
northern Alberta, the footprint of tailings storage
facilities is over 220 km?. These fine-grained
slurry wastes, known as fluid fine tailings (FFT),
have now surpassed 1 billion cubic meters and
continuously growing each year (AER report
2019). With a solid content of about 35 wt.% (by
mass) and containing mainly silts and dispersed
clays, FFT presents a poor consolidation property
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and low strength. Various coagulants and
flocculants have been evaluated as dewatering
aids to reduce the overall volume and increase
the strength of tailings for effective reclamation
(Matthews et al. 2002, Jeeravipoolvarn 2009,
Beier et al. 2013, Beveridge et al. 2015, Mizani et
al. 2017, Afacan et al. 2019). Due to the bridging
effect of the amendments, tailings particles bond
together, forming a non-segregating deposit,
which enhances the water release, consolidation
rate, and strength gain of tailings (Vajihinejad et
al. 2018). Similar to the coagulants and
flocculants, nanocellulose can also function as a
cross-linking agent attributed to the bridging effect
in some scenarios (Martin et al. 2017).
Considering the bridging effect and the eco-
friendly nature of nanocellulose, it may be
regarded as a potential reinforcing agent to
improve the dewatering rate and the subsequent
strength of oil sand tailings.

Nanocellulose can be obtained from the most
abundant renewable and biodegradable material
on earth - plants - such as cotton, wheat, banana,
bamboo, any softwood or hardwood, etc (Besbes
et al. 2011, Khalil et al. 2016, Mousa et al. 2016,
Martin 2017). As described in the review articles,
nanocellulose can typically be grouped into three
categories according to the material sources and
manufacturing processes, namely cellulose
nanocrystals (CNC), Bacterial nanocellulose
(BNC), and fibrillated nanocellulose (NFC)
(Klemm et al. 2011, Moon et al. 2011, Osong et
al. 2015, Moon et al. 2016, Martin 2017). In this
study, the material employed to treat FFT is
limited to NFC, which is disintegrated from wood
fibers into 10-100 nm in width and up to several
micrometers in length using mechanical shearing
with some pretreatment strategies (Zimmermann
et al. 2010, Oson et al. 2015). For example,
Besbes et al. (2011) isolated nanofibrillated
cellulose with a diameter ranging from 5 to 20 nm
from alfa, eucalyptus, and pine fibers using the
homogenization process and peroxidization of the
source fibers.
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With a larger aspect ratio and the ability to form a
highly porous mesh, NFC shows high water-
trapping properties, low gas permeability, high
elastic modulus, and high tensile strength. The
application of NFC has extended to various areas,
including transparent films (Bhatnagar and Sain
2005, Fernandes et al. 2010), packaging
materials (Khali et al. 2016, Ferrer et al. 2017),
and the papermaking industry (Brodin et al. 2014,
Osong et al. 2015, Bouf et al. 2016), etc.
Bhatnagar and Sain (2005) tested the stiffness
and mechanical strength of NFC reinforced
polyvinyl alcohol (PVA), and the results showed a
remarkable reinforcing potential of the nanofibers.
In the geotechnical field, nanofibrillated cellulose
has been increasingly recognized as a potential
reinforcement agent. Correia et al (2018) studied
the capability of NFC in particle packing and
decreasing the growth rate of microcracks in
cement-based material, the high specific surface
area of NFC improves the adhesion between the
cement particles. Hunek et al (2019) discovered
that it directly influences the resistance to freeze-
thaw of concretes by adding NFC. Stanislas et al
(2022) demonstrated that adding NFC in earth-
based composites satisfactorily increases the
density and flexural strength and decreases the
apparent void volume of the composite.

In addition to the lower cost, higher strength,
better thermal properties, and biodegradability,
another feature of NFC is to form an aqueous gel,
which indicates NFC could be used as a potential
rheological modifier or rheology-control agent in
many areas (Zimmermann et al. 2004). Studies of
the advances in NFC derived from different
sources for water treatment have been
highlighted (Shak et al, 2018, Salam et al, 2021).
Salama et al (2021) investigated the adsorption
properties of NFC in water wastewater treatment,
this nanoflocculant induces the bridging of the
suspended particles in contaminated wastewater
by neutralizing the surface charge of the particles,
which exhibits a similar bridging effect of polymer
used in tailings dewatering. However, there is no
case being reported using NFC or nanocellulose
in tailings management. Given the extraordinary
properties of NFC regarding strength and unique
aspect ratio, the objective of the research is to
explore the use of NFC as a potential strategy for
the reclamation of tailings storage facilities.
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MATERIAL AND METHODS

Characterization of Oil Sands Tailings

The oil sand fine tailings samples used in the
study were characterized to determine the
physical, chemical, and mineralogy properties.
The FFT sample had a liquid limit of 52%, and
contained 3.9% hydrocarbons, while the
centrifuged FFT (cFFT) was characterized to
have a liquid limit of 57%, and hydrocarbon
content of 5.7 %. From the grain size distribution
analysis, FFT had a sand-to-fines ratio (SFR) of
0.06 with a fine content (< 0.044 mm) of 94%, as
centrifuged tailings had an SFR of 0.15 with a fine
content of 87%. According to Methylene Blue
Index (MBI) analysis and the X-ray diffraction
(XRD) analysis, FFT samples used in this study
had a clay content of 54 % which mainly consisted
of 87 % kaolinite and 13% illite, and centrifuged
tailings had a clay content of 35% which mainly
consisted of 68% kaolinite and 32% illite. The clay
content was determined based on the Methylene
Blue Index (MBI) (Kaminsky, 2014). The typical
characteristics of FFT and cFFT are listed in
Table 1.

Table 1. Summary of characterization

properties of tailings
Characteristic FFT cFFT
Initial solids content (%) 53 53
Hydrocarbons content (%) 3.9 5.7
Specific gravity 2.20 2.24
Liquid limit (%) 52 57
Plastic limit (%) 32 26
Plasticity index (%) 20 32
Fine content (<0.044 mm) (%) 94 87
Clay content from MBI (%) 54 35

Sample preparation

In this study, the NFC samples were provided by
Performance BioFilaments Inc. (PBI). Figure 1
illustrates the process of manufacturing NFC
products from forests. The tested oil sands
tailings samples were amended with different
NFC doses under various mixing conditions to
evaluate the NFC treatment process in both short-
term and long-term performance including water
release and strength gain behavior. The variables
investigated including the mass fraction of NFC
dilution, NFC: FFT dose, and mixing speed and
duration. The received NFC products with an
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original mass fraction of 8% were first dispersed
to 1 wt.% and 4 wt.% in beakers. The dilutions
were stirred for one hour at 200 rpm with a 4-
blade impeller and then were sealed for 24 hours
to reach an equilibrium status before adding to
homogenized tailings. The NFC: FFT doses of 0.2,
0.5,1.0,2.0,5.0, 7.0, and 10.0 wt.% based on the
dry mass of the solid were first selected for
evaluating the impact on yield stress. The NFC-
FFT mixtures were stirred at different mixing
speeds of 250, 600, and 900 rpm for 60, 90, and
180s, respectively. In this stage, all the tests were
carried out with 33 wt.% solid FFT. Mixed
samples were separated and sealed in identical
test jars (250 mL). Yield tests using a rheometer
(Brookfield DV3T rheometer) were carried out
followingly to evaluate the short-term strength of
the samples. Subsequently, the dose of 0.25 wt.%
was used for evaluating the impact of the mixing
time and mixing speed using FFT samples with
33 wt.% and 53 wt.% solid. Settling tests of
samples with the NFC: FFT dose of 1.0, 2.5 and
5.0 wt.% prepared using 1 wt.% NFC dilution was
also conducted to study the impact of NFC on the
settling behavior of FFT.

Long-term Geotechnical Test

The treatment combinations resulted in favorable
short-term strength gain and water release were
further tested subsequently to determine the long-
term geotechnical behavior of NFC amended FFT
(NFC-FFT) samples. Atmospheric drying tests
and near-surface shear strength tests of these
samples were conducted at room temperature (=

21 °C). The daily mass changes were determined
to analyze the evaporation behavior of these
samples. Meanwhile, a container filled with water
of the same volume was placed next to the
samples, which served as a control to measure
the potential evaporation (PE) and then compared
it with the actual evaporation (AE) of the NFC
amended tailings specimen. Either a rheometer or
a laboratory vane-shear apparatus was employed
to determine the shear strength of the samples on
different days. The shear strength was measured
at a depth of approximately 3 cm in the samples.
The rheometer was more accurate to determine
the shear strength below 8 kPa, while the vane-
shear apparatus was used to determine the shear
strength over 8 kPa. Furthermore, to evaluate the

BioFilaments Inc.) b and c are the scanning electron microscope (SEM) images reveal
the network of micro-fibrils and nano-fibrils
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potential performance of NFC in combination with
other tailings treatment technologies, the NFC
dilutions were added to cFFT samples and
polymer-treated FFT (fFFT) samples prepared
using the same FFT samples. Freeze-thaw tests
were also conducted on these samples with the
subsequent shear strength measurements in
addition to the tests demonstrated above. The
temperature range of freeze-thaw was from -15 °C
to room temperature.

RESULTS AND DISCUSSION

NFC dilution, dose, and mixing parameter

To investigate the impact of the mass fraction of
NFC dilution, the energy required (quantified as
mixing speed and mixing time) for dispersing the
NFC dilutions and the yield stress of the NFC-FFT
samples were evaluated. The 8 wt.% NFC
product was diluted with deionized water. A
mixing speed of 250 rpm was first selected to
prepare NFC-FFT mixtures based on the advice
from PBI to minimize the damage to the NFC
fibers due to shearing. Figure 2 concludes the
measured yield stress of the samples prepared at

the NFC: FFT dose of 0.5 wt.%, 1 wt.%, and 5 wt.%

using 1 wt.%, 4 wt.%, and 8 wt.% NFC dilutions
over 20 days. The samples were sealed in
identical 300 mL containers to prevent drying in
the atmosphere. The yield stress of the samples
prepared using 4 wt.% NFC dilution was 7 Pa,
11.6 Pa, and 46.3 Pa at each dose, respectively.
The yield stress of samples mixed with 1 wt.%
NFC dilution was 9.2 Pa, 8.6 Pa, and 15.7 Pa at
each dose. Meanwhile, the yield stress of the
samples prepared using the original NFC product
with a mass fraction of 8% reached the yield
stress of 5 Pa, 41.2 Pa, and 99.2 at each NFC:
FFT dose. The yield stress of the samples with
lower FNC: FFT doses of 0.5 wt.% and 1 wt.% are
similarly lower despite the mass fraction of the
NFC dilutions used. A higher yield stress gain was
observed in samples mixed with 8 wt.% NFC
dilution. However, homogeneously dispersing the
8 wt.% NFC dilution in FFT was more challenging
compared to NFC dilution with a lower mass
fraction. Meanwhile, a considerable amount of
water was added to the samples when the 1 wt.%
NFC dilution was used, which is adverse for
sample dewatering. Therefore, 4 wt.% NFC
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dilution was determined as a target dilution as it
required less effort to prepare and mix with FFT
compared to 8 wt.% NFC dilution. In addition, it
also introduced relatively less water compared to
1 wt.% NFC dilution.
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Figure 2. Yield stress of NFC-FFT samples

with 33 wt.% solid at different
doses: (a) 0.5 wt.%, (b) 1 wt.%, (c) 5
wt.%

Based on the dry mass of the FFT samples, 7
NFC- FFT samples with doses varying from 0.2
wt.% to 10 wt.% were prepared using the same
method mentioned above for evaluating the yield
stress gain. Figure 3 shows the results of the yield
stress of the 7 samples prepared using 4 wt.%
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NFC dilution over 20 days. The yield stress
increases as the dose increases. Less variation in
yield stress was observed at lower doses (below
5 wt.%), however, at higher doses (over 5 wt.%),
the yield stress started decreasing after the peak
values were reached. Considering the economic
purpose of the field application, the NFC: FFT
dose of 2.5 wt.% was chosen as the target dose
for the next tests.

120
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Figure 3. Yield stress of NFC-FFT samples
with 33 wt.% solid at different dose

Dispersion of the NFC within an amended NFC-
FFT mixture is critical to maximizing the treatment
potential. Based on the study (Reis et al. 2016,
Mizani et al. 2013) on the impact of mixing speed
and mixing duration on polymer-treated oil sands
tailings, mixing speeds of 600 rpm and 900 rpm
were investigated subsequently in this study.
Results of the samples with 33 wt.% solid at the
NFC: FFT dose of 2.5 wt.% trails mixed for less
than 90s and 180 s are shown in Figure 4. (Note:
after the screening tests, the mixing speed of 250
rom was excluded due to the lowest stress gain
of the samples at 11-days.) Similarly, tests were
conducted on samples with 53 wt.% solid at the
NFC: FFT dose of 2.5 wt.% mixed for 180 s and
360 s. The results are illustrated in Figure 5.

From Figure 4 and Figure 5, it can be seen NFC-
FFT samples mixed at a mixing speed of 600 rpm
show a higher stress gain compared to samples
prepared at 900 rpm. In addition, for samples
mixed at 600 rpm, as the mixing time increases,
the initial yield stress is increased. However, the
final stress gain at 11-days of samples with a solid
content of 33 wt.% are roughly the same as the
mixing time increases from 90 s to 180 s. In Figure
5, as the samples with 53 wt.% solid mixed at 600
rpm for 360 s, the initial yield stress increases
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from 254 Pa to 334 Pa, while the stress gain at
11-days increases from 463 Pa to 602 Pa
compared to samples mixed for 180 s. Besides, it
is worth noting that for samples mixed at 900 rpm,
the yield stress is only boosted for the sample with
33 wt.% solid when the mixing time increases.

It can be concluded that the initial yield stress of
NFC-FFT samples is increased by 30% to 50 %
with an increased mixing time when mixed at 600
s. However, for samples of 33 wt.% solid, it seems
that 90 s is sufficient for sample preparation as
the stress gain at 11-days are approximately the
same with the sample mixed for 180 s. For
samples with higher solid content of 52 wt.%, it is
obvious that a longer mixing duration is required
to homogenize the NFC in FFT. A peak yield
stress of 600 Pa was observed when the sample
was mixed at 600 rpm for 360 seconds. In
summary, 600 rpm was targeted for further tests
as it resulted in a higher initial yield stress. As for
mixing time, 180 s was selected for samples of 33
wt.% solid, and 360 s is selected for samples of
53 wt.%.

150
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Figure 4. Stress gain of NFC-FFT with 33

wt.% solid mixed at 250, 600 and
900 rpm
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Figure 5. Stress gain of NFC-FFT with 53
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Settling Test

In the earlier stage of screening the NFC dilution,
samples prepared using 1 wt.% NFC dilution
exhibited an improved performance in the settling
behavior. Figure 6 demonstrates the settling tests
with around 1 L~ 1.2 L NFC-FFT samples dosed
at 1, 2.5, and 5 wt.% using 1 wt.% NFC dilution.
Figure 7 shows the results of the solid content and
net water release (NWR) of the samples over a
time of period of 8 days. The samples at a higher
dose of 5 wt.% yield a higher degree of settlement
of approximately 50% initial height of the column.
A significant increase of 71.3 % in the solid
content of 5 wt.% dose sample is observed, while
the change of the solid content is only 5.3 % and
17 % respectively of samples dosed at 1 wt.% and
2.5 wt.%. A similar trend of the NWR is observed
that the highest NWR is 82 % sample dosed at 5
wt.%, while it remains negative for the samples
with lower doses. In addition, it was noted that the
turbidity of the release water over the sample at
the dose of 5.0 wt.% is much higher than that of
the other two samples. The higher dose seems

not sufficient in capturing the fine particles in the
mixture. The higher turbidity release water would
not fulfill the requirement of water recycling.

Figure 6. Settling test of NFC-FFT samples at
doses of 1, 2.5 and 5 wt.%
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Figure 7. Settlement (a) and NWR (b) of NFC-
FFT samples at doses of 1, 2.5 and
5 wt.%
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Atmospheric Drying Test

Atmospheric drying tests were conducted to study
the drying behavior of NFC-FFT, NFC-cFFT, and
NFC-fFFT samples. The solid content of all the
samples in this stage of the test was 54 wt.%. The
polymer dose used in this study was 850 g,
which was selected based on the results of
previous research (Mizani, 2016). The near-
surface shear strength was measured to
characterize the long-term shear strength gain of
NFC amended tailings during natural drying in the
laboratory. The AE/PE over time was calculated
and plotted in Figures 8 and 9.

In the early drying stage, the evaporation rate was
mainly controlled by the climate condition. Due to
the saturation at the surface of the samples, the
surface moisture is initially allowed to evaporate
at the rate of free water drying, the AE/PE
approximately equals 1 (Kabwe et al. 2022).
Figure 8 shows, the stable stage of AE/PE of the
NFC-FFT samples dosed above 0.2 wt.% are
before Day 21, while the stable stage for samples
with a lower dose of 0.05 wt.% and 0.1 wt.% are
before Day 10. The value of AE/PE of all the
samples ranged between 1.0 and 1.6. This
deviation can be attributed to variations in the
aerodynamic resistance in the air spaces above
the water and soil evaporation containers (Wilson
et al. 1997). The evaporation rate starts declining
at the moment of sample desaturating, where the
drying behavior is controlled by the properties of
the samples such as hydraulic conductivity. After
the declining stage, the samples dry at a relatively
lower evaporation rate subsequently when the
water availability in the samples remains low, then
the drying is controlled by both the climate and the
sample’s properties. Considering the dewatering
rate, the samples prepared at a lower dose
between 0.1 wt.% and 1 wt.% yield a relatively
higher evaporation rate.
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Figure 8. Drying curve of NFC-FFT samples
over time

Figure 9 shows the AE/PE versus time for NFC-
FFT samples, NFC-cFFT samples, NFC-fFFT
samples and FFT samples. In the early drying
stage, the AE/PE of the NFC-FFT samples at the
dose of 0.2 wt.% and 2.5 wt.% are both around
1.5, which are higher compared to the other
samples at the same dose correspondingly. The
AE/PE of the NFC-cFFT samples and the NFC-
fFFT samples in the early stage are similar, while
it starts around 1 and subsequently increases to
1.3 before dropping of the FFT control sample.
The temporary increase of AE indicates the
formation of cracks at the surface of the FFT
sample. NFC-cFFT sample dosed at 0.2 wt.%
entered the first transition zone earlier than the
other samples even with a lower evaporation rate,
which could be attributed to the higher solid
content or the lower water availability of the
sample. As the dose increased from 0.2 wt.% to
2.5 wt.%, the transition zone or the desaturating
point of the NFC-FFT and NFC-cFFT samples
were pushed back from day 10 to day 19.
However, the desaturating point of NFC-fFFT
samples occurred at the same time period on day
19 with an increase in the NFC dose.
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Figure 10. Near-surface shear strength of
atmospheric drying samples

100

Figure 10 shows the shear strength gain of the
samples in the atmospheric drying test, the NFC-
FFT and the NFC-fFFT samples with the dose of
0.2 wt.% show significant strength gains over 18
days of drying. Both samples reached and
exceeded the targeted 100 kPa trafficable shear
strength. Meanwhile, the other samples reached
the shear strengths between 6 kPa and 34 kPa on
day 18. For NFC-FFT samples, the relationship
between the NFC dose and the shear strength
gain was not strictly positively correlated, which
exhibits some similarity to the polymer-treated
FFT with a ranged dose. As the NFC: FFT dose
increases from 0.05 wt.% to 2.5 wt.%, the shear
strength first increases and declines after a peak
value of 112 kPa is reached at the dose of 0.2
wt.%. It is assumed that the NFC: FFT dose of 2.5
wt.% probably resulted in the overdosing of the
sample. However, the mechanism behind this is
unknown. The shear strength of the NFC-cFFT
sample is only around 34 kPa, which is
unexpectedly lower than that of the NFC-FFT and
the NFC-fFFT samples. A potential cause of the
lower shear strength gain of the NFC-cFFT
samples could possibly be the inconsistent
homogenizing of the NFC fibers in the cFFT
samples.

Freeze-Thaw Test

Previous research has shown that freeze-thaw
process would cause significant dewatering of oil
sands tailings (Dawson and Sego, 1993; Johnson
et al., 1993, Proskin, 1998). In this study, a radial
freeze-thaw set-up was employed to conduct the
freeze-thaw tests on 6 samples over - 15 °C to
21 °C. Table 2 shows the sample matrix used in
this part of the test. The samples were first frozen
at - 15 °C, once the samples were thawed at room
temperature, the released water was removed
from the samples, and the yield stress was
measured using the rheometer.
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Table 2. Freeze-thaw samples matrix

Sample

Sample details

a NFC-FFT at 2.5 wt.% (FFT began at 53 wt.% solids)

-~ D0 Q0O T

NFC-fFFT at 2.5 wt.%, (flocculated FFT prepared using 54 wt.% solids FFT with
polymer at 0.04 wt.%)
NFC-CT at 2.5 wt.%, (CT began at 48 wt.% solids)
FFT, (30 wt.% solids)
FFT, (42 wt.% solids)
FFT, (53 wt.% solids)

Figure 11 shows that as the increase of the solid
content of the FFT samples, a non-linear increase
in yield stress can be observed while the thaw
strain decreases. The yield stress of the FFT
samples increases from 18 Pa at 30 wt.% solid to
314 Pa at 53 wt.% solid with a decline of the thaw
strain. This is expected as the increased solid
content of material results in lower water contents,
thus allowing for higher strengths to be attained.
The freeze-thaw strain is 3% of the NFC-FFT
sample (a) with 53 wt.% solid, which is slightly
lower when compared to 8% of the FFT sample
with the same solid content (f). With the
comparable solid contents (53 wt.%, 54 wt.%, and
48 wt.%) as well as equivalent freeze-thaw strains
(3%, 5%, and 6%), the yield stress of the NFC-
FFT sample (a) is 607 Pa followed by 485 Pa and
398 Pa of the NFC-fFFT sample (b) and the NFC-
cFFT (c) respectively. However, it should be
noted that in Figure 5 the NFC-FFT samples with
53 wt.% solid dosed at 2.5 wt.% reached
approximate vyield stress of 602 Pa without
undergoing the freeze-thaw process. It
demonstrates that the impacts of the freeze-thaw
process on the NFC-FFT samples regarding yield
stress and thaw strain are not appreciable. The
yield stress gain of the NFC-FFT samples is
mainly due to the addition of NFC rather than a
combination with freeze-thaw.
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Figure 11. Freeze-Thaw results of samples
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CONCLUSION

The amendment of FFT with NFC was
investigated to determine the impact on the
dewatering behavior and geotechnical properties
of oil sands tailings deposits. The findings from
this study are summarized below:

1. For samples prepared using 33 wt.% solid FFT,
as the dose increased from 0.2 wt.% to 10 wt.%,
the initial yield stress of NFC-FFT samples
increased. Especially for samples with doses
higher than 5 wt.%, however, the yield stress of
the NFC-FFT samples decreased over time.

2. Adding NFC is not effective in enhancing the
settlement of FFT samples, adding NFC dilution
at a higher dose of 5 wt.% could potentially lead
to high turbidity of the supernatant.

3. The results of the atmospheric dry tests
emphasize that NFC fiber influences the drying
rate of the FFT, cFFT, and polymer-treated FFT
samples. Dose below 0.2 wt.% would be more
effective in accelerating the desaturation of the
samples.

4. The NFC-FFT and NFC-fFFT samples dosed
at 0.2 wt.% NFC experienced the greatest near-
surface shear strength gain. The shear strength
of the samples reached and exceeded the 100
kPa trafficable target on day 18.

5. The influence of the freeze-thaw process on the
stress gain of FFT samples is inappreciable when
combined with adding NFC. Also, the small
differences in thaw-strain between NFC amended
samples indicate that the freeze-thaw of the NFC-
FFT samples was not enhanced by NFC.
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ABSTRACT

Extracting bitumen from Canada's oil sands
generates large volumes of fluid fine tailings (FFT),
a waste material that presents significant
environmental and economic challenges to
consolidation and remediation. Chemical company
BASF developed a novel technology known as
High-Fines Sand Tailings (HFST), which combines
FFT with coarse sand and two reagents to create a
substrate composed of fine particles filling the
interstitial voids between successively larger
particles. Given the highly variable nature of FFT,
operability testing was conducted to understand the
impact of sand and FFT characteristics, reagent
dosages, shearing time, and sand-to-fines ratio
(SFR) on the performance of the technology.

Pressure filtration results indicated that at optimal
dosage, HFST-treated FFT had the potential to
release water up to 50 times faster than untreated
FFT. Underdosed samples released water twice as
quickly as untreated materials. Unlike incumbent
polymer technologies, HFST was insensitive to
overdosing. Performance of the HFST technology
was not significantly impacted by clay content, but
type of sand used as well as the water chemistry of
the FFT and process effluent water (PEW) affected
the required reagent dosages. Both sand types
used had good performance at SFR 2, with the acid
generating sand being optimal at SFR 2 and the
non-acid generating sand performing even better at
SFR 3. The treated substrate showed increased
signs of fines segregation when exposed to 300s of
shearing versus 30s. A conservative estimate
showed that with sufficiently dosed reagent, the
clay capture for all HFST-treated materials was
over 96%.

INTRODUCTION

Mining and processing minerals generate a waste
stream commonly known as tailings. In Alberta’s oil
sands sector, fluid fine tailings (FFT) are a complex,
problematic material consisting primarily of water
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and fine clay particles (Dhadli et al., 2012) that
require extensive and expensive dewatering
treatments to target reclamation objectives and
process water recycling. Due to environmental,
economic, and social pressures, oil sand producers
in Alberta are motivated to reduce FFT inventories
and reclaim land currently occupied by fluid tailings.
However, the reclamation of oil sands tailings is
accompanied by significant challenges. Current
industry practices of building tailings containment
facilities carry extreme risk as a single dam failure
would be catastrophic. Alternatives in the form of
end-pit lakes introduce other complexities, such as
the need to maintain a freshwater cap, and the risk
of methane production. As many oil sands mines
are quickly approaching end-of-life, the requirement
for tailings to reach a “ready-to-reclaim” status as
outlined by the Alberta Energy Regulator's
Directive 85 (Alberta Energy Regulator, 2016) has
become a priority.

Few of the oil sands industries’ implemented
tailings treatment technologies have achieved
reclamation goals thus far. Chemical company
BASF has developed a novel physio-chemical
tailings treatment technology called “High Fines
Sand Tailings” (HFST) that combines FFT, coarse
sand particles, and two reagents to form a highly
water-permeable matrix that also traps fines.
Laboratory tests conducted by BASF from
September 2017 to February 2020 indicate clear
potential towards creating upland landforms in
compliance with the ready-to-reclaim criteria
outlined by the Alberta Energy Regulator (AER).
The technology bears some resemblance to
composite tailings (CT) or non-segregating tailings
(NST), but it operates at a lower sand content than
typical CT or NST. The intent of BASF’s technology
is to create stable aggregates of sand and
flocculated clays, transforming large fluid tailings
ponds into dry landforms that can be reclaimed
using conventional land reclamation techniques.
The direct treatment of recombined oil sands waste
achieved by HFST has potential to significantly
reduce greenhouse gas (GHG) emissions
associated with material rehandling and need for
water covers associated with current oil sands
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tailings treatments.  Furthermore, the process
creates an opportunity for optimizing tailings
storage areas thereby limiting land disturbance
while reducing existing and future liabilities
associated with fluid fine tailings on oil sands
surface mines.

The NAIT Technology Access Centre for Oil Sands
Sustainability has been evaluating the efficacy of
the HFST technology, providing a critical
assessment of the technology’s promises and
shortcomings though an operability study. To be
considered successful, the HFST process would
need to demonstrate resilience by achieving
acceptable performance indicators under a wide
range of process conditions, as lack of process
robustness and control have been identified as
critical weaknesses in other sand-based tailings
treatment technologies. The key performance
indicators evaluated over this study were the solids
content achievable in the filter cake following
pressure filtration, the clay capture within the
treated substrate, and the mitigation of segregation.
The objective of the evaluation at bench scale was
to assess the ability of the HFST process to
accommodate changes in reagent dosage, mixing
intensity, and FFT feed characteristics.

EXPERIMENTAL METHOD

Materials

Three types of FFT were chosen for this study to
represent a range of clay content based on
Methylene Blue Index (MBI), an estimate of clay%
derived empirically from x-ray diffraction and
particle size distribution (Equation 1) (Sethi, 1995)

(1]

The FFTs were combined with one of two process
effluent waters (PEWSs) based on shared process
source. FFT-1, with a mid-range MBI of 6.2, was
paired with PEW-1. FFT-3 was sourced from the
same operation, and was also combined with PEW-
3, and had a high MBI value of 12.8. FFT-2 had the
lowest MBI of the FFTs in this study at 5.6 and was
paired with PEW-2. Initially, the study evaluated
just one type of sand. However, it was discovered
during early tests that the sand produced acid when
exposed to process water (acid generating sand,
AGS), and significantly influenced flocculation
performance and required dosages. A second sand
was subsequently sourced and verified to be a non-
acid generating sand (NAGS). The majority of the

MBI+0.04
0.14

%clay =
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operability investigation was conducted using
NAGS. The novel HFST process relied on two
reagents — DP-OMC-1509 (henceforth known as
“polymer”) and DP-OMC-1510 (henceforth known
as “Nexus reagent”’). Reagent storage and
preparation protocols followed instructions provided
by BASF.

Characterization

All FFTs, PEWs, and sands were characterized
using pH, electrical conductivity (EC), and leachate
assessed for major cations and anions using ion
chromatography (IC). In addition, FFT and sand
were further characterized using the Dean and
Stark analysis (Dean & Stark, 1920), MBI (Currie et
al., 2014; Kaminsky, 2014), and particle size
distribution (PSD) (Currie et al., 2015). Sand-to-
fines ratio (SFR) is defined by Equation 2, where
fines are defined as particles passing through a
44pum sieve.

1-fines wt%

fines wt%

SFR = [2]

Key characterization details are shown in Tables 1-
3.

Table 1. Key characterization items for FFT.

Item FFT-1 FFT-2 FFT-3

MBI 6.2+0.16 5.6+0.16 12.8+0.69
Solid% 24.0+0.28 44.88+0.24 18.92+0.004
Water% 73.15+0.49 54.74+0.35 80.52+0.05
Bit.% 1.71+0.57 0.94+0 0.86+0.003
SFR 0.29 0.99 0.07

pH 7.81+0.49 7.62+0.056 7.55+0.02
EC[uS/cm] | 1201447 139045.2 1496.6+20.9
SAR 15.9 5.8 9.4

CST 719.32+27.24 | 1249.93422.3 | 397.87+32.19

Table 2. Key characterization items for sand.

Item AGS NAGS
pH 2.2 6.7

EC [pS/cm] 331 1945
Solid% 97.4 96.4
Water% 3.1 3.1
Bitumen% 0.2 0.2

Table 3: Particle size distribution details for FFT

and sand.
Item D1o[pm] | Dso[um] | Deo[pm] | Doo[um]
FFT-1 477 12.71 17.80 74.42
FFT-2 6.00 20.45 75.13 192.16
FFT-3 4.21 10.52 12.40 27.70
AGS 109.90 25293 | 258.85 392.61
NAGS 7551 127.91 129.69 191.30
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Equipment

A Heidolph Hei-Torque 100 Precision Base
overhead mixer with a flat blade impeller was used
to mix the substrate at a controlled speed during the
flocculation process. Specific details for mixing
vessel dimensions and reagent injection methods
and locations are withheld to preserve

confidentiality. Specific resistance to filtration (SRF)

testing (Li, Kaminsky, Romero, et al., 2021) was
performed using a modified OFITE Low Pressure
Filter Press assembly using carbon dioxide bulbs.
The pressure filter cup consisted of a stainless-steel
test cell with a 250um screen. No filter paper was
used as part of the setup to provide a more
challenging test when evaluating for fines capture.
A photo of the SRF assembly is shown in

Figure 1.

Figure 1. SRF assembly with scale.

Samples were dried for solids content
determination using an oven set to 105°C. The
SRF cakes were weighed on a laboratory top-
loading scale with an accuracy of 0.01g. The
settling column sediment and supernatant water, as
well as the SRF release water, were weighed on an
analytical balance with an accuracy of 0.001g.

The Triton Type 319 multi-purpose capillary suction
time (CST) device, with Triton default CST paper
and 18 mm diameter funnels, were used for the
CST tests on the settling column sediments. To
determine the turbidity level of the supernatant
column water, a clarity wedge with readings up to
46 was used. Supernatant column water colour
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was determined using an in-house water colour
reference scale, shown in Figure 2.

Procedures

Flocculation  procedures, including reagent
preparation and details related to injection location
and mixing, have been withheld to preserve
confidentiality.  Following flocculation, 300g of
HFST-treated material was transferred into the test
cell using a small sieve. WinWedge software was
used to record the weight of released water each
minute as the sample was filtered for at least 10
minutes under an applied pressure of 30psi.
Following pressure filtration, the SRF filter cake was
transferred to an aluminum pan for determination of
solids content by oven drying. For samples pressed
for longer than 10 minutes, the solid content at the
10-minute mark was back calculated. The released
filtrate water was also subsampled for solids
content measurement, done by drying the samples
overnight in an oven set to 105°C.

The flocculated substrate left over after SRF
subsampling was transferred into a transparent 1L
settling column. As the time required to load the
SRF was variable, the settling column was capped
and inverted once to simulate initial deposition. The
total sample level in the column was marked and
the mudline tracked at 1 minute, 10 minutes, 30
minutes, 24 hours, and 1 week. Photos of the
settling columns were taken after 24 hours and 1
week of settling, at which the columns were
dismantled. During dismantling, the supernatant
water was decanted from the settling column,
subsampled for solid content determination, and its
turbidity was assessed using a clarity wedge.
Supernatant colour was assessed using an internal
standard colour scale reference (Figure 2).

While high/dark coloured water is not necessarily a
concern for process recycle, it can be an indicator
that the water is problematic for environmental
release. However, the testing required for
evaluation of eco-toxicological properties falls
beyond the scope of the present study.

Upon column dismantling, sediment was removed
from the column and the top and bottom 4cm of
treated materials were sampled into separate
containers. Homogenized subsamples were taken
for CST testing and to determine their solid content
by drying the sample overnight in an oven set to
105°C.
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Figure 2. Supernatant colour scale reference.
Test conditions

A partial factorial study was designed to assess the
impact of FFT clay content, sand type, sand-to-fines
ratio (SFR), dosage of each of the two chemical
reagents, and shearing time on HFST performance.
SFRs of 1, 2, and 3 were initially evaluated, with a
target optimal at SFR 2. SFR 1.5 was later added
as a partial factorial level to assess performance at
slightly below-spec SFR. A 5-point polymer dose
sweep was used to assess flocculant requirements
for optimal performance, but it was quickly
determined that flocculant dosage depended
heavily on the type of sand used. For NAGS,
polymer doses were 150ppm; 300ppm; 450ppm;
600ppm; 750ppm. For the relatively few
experiment runs using AGS, a significantly higher
polymer dose sweep was used (900ppm; 1050ppm;
1200ppm; 1500ppm; 1800ppm). To evaluate the
effect of the Nexus reagent, Nexus dose was varied
between 50ppm and 150ppm. For both polymer
and Nexus, dosages are based on the total solids
within the given substrate. To assess the ability of
HFST-treated materials to withstand increased
shearing, mixing times of 30s vs 300s were
compared.

Prior to flocculation each substrate was prepared to
be 35wt% solids, while obeying the target SFR.

Key performance indicators

In this study, the SRF pressure filter was used to
provide an index to assess short- and long-term
dewatering. Running the test for 10 minutes at
30psi allowed for rapid screening of how easily
water was released from treated substrates. Based
on criteria initially outlined by BASF, HFST-treated
material is considered optimal if the SRF cake
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exceeds 65wt% solids following a 10-minute press
at 30psi. Solids in the release water should not
exceed 0.5wt%. Treatment results were
considered marginally acceptable if the SRF cake
solids surpassed 50wt% after a 10-minute press at
30psi with solid content in the release water under
1.0wt%. To assess for fines segregation, no filter
paper was added in the SRF device. Instead, only
the 250pm mesh providing bottom containment of
the sample tested in the SRF was used.

Following one week of settling, columns containing
HFST-treated material were dismantled. Solid
content and capillary suction time (CST) of the top
4cm and bottom 4cm of the settled bed of treated
materials was compared. Low solid content at the
sediment top and high solid content at the sediment
bottom indicated poor fines capture, subsequent
segregation, and increased concentration of sand
at the bottom of the column. The ratio of the solids
content between column bottom and top was
considered optimal if it fell below 1.1, and
marginally acceptable if it fell below 1.3. A ratio of
solids content between column bottom and top
more than 1.3 was an indicator of significant
segregation of clay from sand and therefore
unacceptable performance.

Although not the primary focus of this study, release
water colour was also assessed at the time of
column dismantling. Based on the scale provided
in Figure 2, colour between 0 and 2 were optimal, 3
was acceptable, and 4 was unacceptable.

RESULTS AND DISCUSSION

Impact of polymer dose

To be a robust process, HFST must not be
significantly negatively impacted by polymer
overdose. A range of five polymer dosages was
defined to be centered around the expected optimal
dose, and increased or decreased by 150ppm per
step increment. Unlike many other tailings
flocculation applications, reagent dosing for HFST
is based on total solids, instead of clay-based
dosing, allowing for more straightforward dose
calculation.

Figure 3 shows the SRF cake solids and solids
content of release water solid content as a function
of polymer dose. The shaded green and yellow
areas on the graph denote the areas of optimal
(green) and marginally acceptable (yellow)
performance, respectively. Reagent dosages are
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based on total solids in substrate. As most of the
testing was done using NAGS, only the dose range
relevant to NAGS is displayed. SRF performance
results indicate that 150ppm of polymer is
underdosed, and insufficient to achieve target
performance by either SRF cake or release water
KPlIs.
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Figure 3. Key performance indicators derived
from SRF, based on polymer dose.

As polymer dose increased, solid content in SRF
release water decreased indicating more effective
fines capture. Polymer doses of 450ppm, 600ppm
and 750ppm performed best overall, with over 70%
of the tested conditions achieving acceptable
criteria. Figure 4 shows a comparison of sediment
solid content based on sampling location for the five
polymer doses tested with NAGS. A higher solid
content at the sediment bottom indicates
segregation, where coarse sand and fine clays
have separated in the column.
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Figure 4. Key performance indicators derived
from settling column, based on
polymer dose.

Fines segregation is most consistently apparent for
150ppm and 300ppm polymer dosages. This
observation is consistent with the previously
discussed SRF KPIs, confirming that 150ppm of
polymer is an insufficient dose to achieve proper
flocculation. At 450ppm, 600ppm, and 750ppm
polymer dosages, the solids content at the
sediment top and bottom tended to be more
comparable. However, they are not expected to be
identical as the sediment at the bottom of each
column is further compressed by the 7-10cm of
solids that rest on top of the materials at the bottom
of the column.

Coloured release water was consistently observed
in HFST testing with the NAGS, with supernatant
colour becoming apparent at optimal dose and
growing darker as polymer dose increased. The
effect was seen in all three FFTs, though it was
most apparent for FFT-3. Figure 5 compares a 5-
dose polymer sweep in ascending dosage for each
of the three FFTs.

Figure 5. Dark releae water at optimal and
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overdose for FFT-1 (top),
(middle), and FFT-3 (bottom).
symbol indicates optimal dose.

FFT-2
Star
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It should be noted that following a very limited
preliminary investigation, the darker supernatant
colour is not due to suspended particles, since in
most cases, the solid content in the supernatant
remained below 0.5wt%. Testing of the dark
release water using a coagulant that targets organic
material indicates the colour may be due to the
presence of some organic substance, though
investigations are still ongoing.

When combining results from SRF and settling
column, a polymer dosage of 150ppm was
generally insufficient to achieve adequate
flocculation and often resulted in failure. As
polymer dose increased, performance increased.
When paired with the NAGS, 450ppm was
observed to be the optimal polymer dose. As
polymer became overdosed, it should be
emphasized that SRF and settling column solid
content and segregation performance remained
strong, with supernatant colour as the detriment.
Increasing polymer dose from the typical optimum
of 450ppm to 750ppm did not have a detrimental
effect on filter cake and sediment performance,
despite this representing a 67% overdose. This
observation suggests the HFST process exhibits a
broad acceptable dose window and is resilient to
overdosing. In this way, HFST contrasts with
typical FFT flocculation, as increasing polymer dose
by 50% over optimal historically results in poor
performance (Li, Kaminsky, Gong, et al., 2021).

Impact of FFT type

Three FFTs were tested in this study spanning
three levels of MBI and sources from two different
oil sands operators. FFT-1 and FFT-3 were
obtained from the first source, with MBI of 7.6 and
13, respectively. FFT-2 originated from a different
site, with a relatively low MBI value of 5.6. Figure 6
describes the performance of the three tailings
samples based on solid content of the SRF cake
after 10 minutes of pressing, and solid content in
the release water. As previously discussed,
experiment runs where polymer was insufficiently
dosed performed poorly for all FFTs tested and are
excluded from the analysis.

Although all three FFT types display the potential to
give optimal results, FFT-1 performance was most
likely to fall outside the range of acceptability. Only
66% of conditions tested with FFT-1 meet passing
criteria based on SRF results even after the
polymer underdosed runs were removed from
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consideration.  Conversely, the low-MBI FFT-2
provided acceptable results in 93% of the optimal-
and overdosed-polymer conditions.
OFFT-1 MBI 7.6
. 4.0%
2
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Figure 6. Key performance indicators derived
from SRF, based on FFT type.
Samples with underdosed polymer

excluded.

When comparing the three FFTs tested, clay
content is unlikely to fully explain the differences in
performance, as the worst performing FFT-1
exhibited a mid-range MBI. FFT-1 had the highest
sodium absorption ratio (SAR) of the 3 FFTs tested.
FFT-1 and 3 have a SAR above 9 which is a known
threshold for coagulating vs dispersing behavior.
This difference in water chemistry may have led to
a more dispersive environment and hampered fines
capture. FFT-2 performed the best when
comparing the overall KPls.

Impact of shear

To understand the ability for HFST-treated tailings
to withstand shear, two mixing times were defined
following the addition of Nexus reagent and polymer.
Table 4 shows the percentage of test conditions
which belong to each settling column sediment
category, where R represents the ratio between
solid% of the bottom portion of sediment vs solid%
of the top portion. When R falls between 0.9 and
1.1, minimal segregation is observed and
performance is optimal. R values between 1.1 and
1.3 were considered to be marginally acceptable,
but R exceeding 1.3 indicates significantly more
solids at the bottom of the column, and segregation
has occurred. For consistency, only substrates with
SFR 2 were included in this analysis.
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For each of the three FFTs, the percentage of
settling columns achieving optimal segregation
performance decreased significantly when shearing
time increased from 30s to 300s. FFT-1 and -3 saw
a proportional increase in the percentage of tests
where segregation exceeded acceptable levels.
However, when FFT-2 was subjected to increased
shearing, the percentage of marginally acceptable
results increased without much change in the
number of unacceptable results. This indicated that
FFT-2 was less susceptible to segregation as shear
increased. This could again be due to the more
dispersive water chemistry of FFT-1, FFT-3, and
their corresponding PEW relative to FFT-2. Overall,
HFST-treated FFT is better suited to withstand

Table 4. Effect of shearing time on settling column

increased shear conditions than other flocculated
FFT materials, which break down quickly when
oversheared (Li, Kaminsky, Gong, et al., 2021).
Therefore, HFST-treated FFT is expected to better
withstand shear forces associated with pipeline
transport over long distances relative to rival
flocculation techniques.

Impact of HFST treatment on FFT dewatering

The rate at which solid content increased in the
SRF cake was calculated based on the original
mass of HFST-treated materials placed into the
SRF container, and the rate at which water was
released during pressing at 30psi. To ensure all

sediment ratio at SFR 2.

FFT Shear time | 0.9<R<1.1 1.1<R<1.3 1.3<R
FFT-1 30s 10% 70% 20%
300s 0% 70% 30%
30s 39% 43% 18%
FFT-2 300s 8% 73% 19%
30s 33% 52% 14%
FFT-3 300s 0% 55% 45%

testing was completed in a timely manner, most
SRF tests were stopped after 10 minutes of
pressing. However, select runs were run for an
extended period to the point at which solids content
in the SRF reached a plateau, to further probe the
dewatering effect of HFST-treatment.

Figure 7 shows the SRF solid content increase over
time of HFST-treated substrate containing FFT-3 at
SFR 2 with NAGS, 50ppm of Nexus reagent, and
five increasing doses of polymer. The baseline
substrate behaviour (FFT-3, sand, and PEW
combined to form a 35wt% substrate, but with no
HFST treatment) is also shown for comparison.

While the baseline substrate requires over 500
minutes (over 8 hours) to reach completion, even
underdosed HFST-treated materials may reduce
the time to completion by 50%. When optimally
dosed, HFST-treated substrate containing FFT-3
was able to achieve a final solid content of 80% as
quickly as 10 minutes, an improvement of over 50x
faster than the substrate without HFST treatment.
Under overdosed conditions (750 ppm polymer), 40
minutes was required for data to plateau. This is
longer than optimal conditions, but still a vast
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improvement over the untreated and underdosed
materials. In an independent study, HFST also
significantly outperformed a rival flocculation
technique on FFT with a combination of
polyacrylamide  flocculant and alum-based
coagulant, which required nearly 25x longer to fully
dewater at the same pressure, and achieved a
lower solid content at plateau relative to HFST (Li,
Kaminsky, Romero, et al., 2021). Given that
dewatering time scales with deposit depth these
differences in dewatering rates could conceptually
translate to differences of centuries at field scale.
Better numerical model predictions require the use
of longer and more complex consolidation testing
some of which could be validated by creating a
meso-scale field deposit and adequate depth and
planar dimensions. Furthermore, HFST treatment
also improves fines capture and suppresses fugitive
solids in the release water (Figure 8).
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Figure 7. Solid content increase in SRF with
HFST treatment. Reagent dosage
shown in ppm, based on total solids.
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For the untreated baseline substrate, the release
water contained nearly 5wt% solids. For this FFT,
sand, and Nexus reagent combination, underdosed
polymer was able to reduce released solids to 2-
3wt%. When polymer was optimally dosed, solids
in the release water was further reduced to just over
0.5wt%.
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Figure 8. Solid content in release water with
HFST treatment. Reagent dosage
shown in ppm, based on total solids.
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Impact of Nexus reagent on HFST performance

Two dosages of BASF’s novel Nexus reagent,
50ppm and 150ppm, were chosen to investigate if
an overdose of Nexus reagent could be detrimental
to HFST performance. Since minimal differences
were observed between 50ppm and 150ppm,
further investigations were made in the impact of
excluding the Nexus reagent altogether. Figure 9
shows the SRF solid content increase over time of
HFST-treated substrate containing FFT-3 at SFR 2
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with NAGS, and five increasing doses polymer, but

in the absence of any Nexus reagent.
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Figure 9. Solid content increase in SRF with
HFST treatment with no Nexus
reagent. Reagent dosage shown in
ppm, based on total solids.

Compared to Figure 7, SRF performance at all
polymer doses except 450ppm are similar. The
450ppm polymer dose condition releases water
more slowly in the absence of Nexus reagent,
indicating that Nexus serves as a process aid and
boosts dewatering performance when polymer
dose is on the cusp of sufficiency. When polymer
is overdosed, adding Nexus reagent does not
further increase dewatering rate.

Impact of sand on polymer dose requirements

Overall, the biggest impact on polymer dose
requirement was the type of sand used. Originally,
only one type of sand was included as part of the
overall test plan. However, when it was discovered
that the original sand was generating significant
amounts of acid, a second sand type was added to
the test plan to compare differences. The acid
generating sand required a significantly higher
polymer dosage relative to NAGS to achieve
optimal flocculation results. This finding is
consistent with the known reduction in polymer
efficiency in acidic environments if the polymer’s
anionic content isn’t adjusted to perform in this
lower pH environment (Brien et al., 1977). If the
acid-generating sand is present at an application
site, the anionic content could be optimized to
improve dose efficiency. Figure 10 shows the
relationship between sand type, HFST performance,
and polymer dose at the target SFR of 2. While the
AGS required more polymer to achieve optimal
flocculation at the same SFR relative to NAGS,
better quality flocculation was also acheivable,
indicated by higher solid% in the SRF at optimal
dose, and less of a performance drop when dose
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exceeded optimal. Dosage differences to achieve
optimal flocculation based on sand type, while
significant, are not expected to present a problem
for field application. This is because the acid-
generating characteristics of sand are expected to
be measurable at any site and constant over the
time of HFST tailings treatment operation.
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Figure 10. SRF solid% performance.
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SFR also impacted HFST performance. HFST was
originally designed to give optimal performance at
an SFR of 2, significantly less than competing
technologies like CT and NST, which require SFRs
starting at 4. Lower sand requirement in composite
substrates is desirable because it reduces the
overall volume of treated tailings, and because
sand is also required for road and berm
construction.

Figure 11 shows the pressure filter performance of
HFST-treatment of the two sand types tested at
each SFR investigated in this study.

For AGS, optimal performance was consistently
reached at SFR 2. As AGS content increased, the
additional acid was likely responsible for causing
decreased performance. In contrast, performance
for NAGS was best at an SFR of 3, with nearly all
tested conditions meeting minimum satisfactory
SRF performance criteria (Above 65wt% solids in

SRF cake, and below 1 wt% solids in release water).

At SFR 2, 67% of the NAGS conditions were
acceptable. Below SFR 2, sand content was not
sufficient to produce acceptable results for either
sand type. SFR 1.5 was not tested for the AGS.

113

oSFR 1 x SFR 2 oSFR 3

4.0%

3.5%

Noow
o o
2 R

N
e
R

Solid% in SRF Release Water

o p x

20% 40% 60% 80% 100%

Solid% in SRF Cake @ 10 min, 30psi

oSFR 1 aSFR 1.5 x SFR 2 oSFR 3

3.5%

Solid% in SRF Release Water
a 5 & 8

2
X

0.5%

0.0%

20% 40% 60% 80% 100%

Solid% in SRF Cake @ 10 min, 30psi

0%

Figure 11. Pressure filter performance of HFST
at various SFR, for AGS (top) and
NAGS (bottom).

Performance of HFST treatment was compared the
Co-efficient of Uniformity (Cu) for each substrate,
defined as the particle size Deo/D10. The Cu is a
measure of the variability of the particle sizes in a
sampled material with hig