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Abstract

Underground mining is a mineral acquisition technique that is critical to global
economies, and human technological advancements. As shallow resource reserves are
depleted, mine depths are increasing to accommodate global mineral demand.
Increases in mine throughputs and excavation depths pose increased environmental
concerns. Tailings surface disposal, and underground mine support are two
considerable environmental and geotechnical factors of concern in current day mining.
Underground waste disposal has been adopted by the mining industry in many forms.
Cemented paste backfill (CPB) is a common best management practice developed to
tackle these two specific resource industry related issues worldwide. CPB is a cement-
stabilized material composed of tailings, water, and hydraulic binder. Tailings disposal
areas on the earth’s surface are reduced by disposing of tailings in subsurface stopes
that have been previously excavated. This increases underground safety by providing
structural support to the mine. There are also economic benefits to this practice, as the
additional support allows for adjacent pillars to be excavated. Although CPB greatly
reduces tailings exposure to atmospheric elements, there are still underground
environmental factors that must be considered with respect to environmental
performance. CPBs are porous media, meaning they are susceptible to leaching of
naturally occurring metals that are no longer in a stable condition as they were when
incorporated in the parent rock. Arsenic and lead are metals of concern due to their
association with many ore bodies. Leaching of these unstable metals may be influenced
by the backfill curing temperature and the chosen hydraulic binder. Curing temperatures
may be influenced by geographic location, local stope geology and depth, hydration and
transport, among others. Hydraulic binders are chosen based on availability, cost, and
desired mechanical properties of the paste. In this research, the effect of curing
temperature and binder composition on the leachability of CPB are studied. ASTM C
1308 leaching protocol is used to determine the leachability of six CPBs. In addition,
microstructural techniques (Powder X-Ray Diffraction, Mercury Intrusion Porosimetry,
and Scanning Electron Microscopy) are used to relate the microstructural properties of
the CPB to the leaching characteristics. Results reveal that CPBs cured with ordinary
Portland cement (OPC) leach significantly less than CPBs cured with an OPC/Blast
furnace slag (Slag) binder (50% blending ratio) as a result of CH consumption in slag
hydration. Both CH and C-S-H are responsible for immobilizing arsenic in cement
stabilized materials. OPC-CPBs contain greater relative quantities of CH, which aids in
arsenic immobilization. Between the range of 2°C and 35°C OPC-CPB performed better
at lower curing temperatures. Lower curing temperatures are favoured in OPC-CPB
because the pore surface greater than the threshold pore diameter is reduced.
Alternatively, OPC/Slag-CPB exhibited a decrease in cumulative mass leached at
higher curing temperatures. The difference in cumulative mass leached by the
OPC/Slag-CPBs is also related to the pore surface, and threshold pore diameter.



Chapter 1 - Introduction

1.1 Background and problem statement

Hard rock (underground) mining operations are vital for the acquisition of metals
used globally, in a wide range of industries. Current mining operations produce
substantial amounts of waste annually. Waste from hard rock mines in the form of
tailings pose many challenging environmental and geotechnical issues. Tailings are
commonly stored on the earth surface as vast deposits of potentially toxic material with
poor geotechnical engineering properties.

Underground mining is used to excavate metal bearing ore. It is practiced in
countries across the world that have a broad range of surface and subsurface climatic
conditions. Each climate faces unique challenges with respect to mine waste
management. Cemented paste back-fill (CPB) is an emerging technology that has
become extensively used in Canada and other countries to both reduce surface
disposal of tailings, and act as a geotechnical support measure for underground mines.
CPB is hydraulically pumped and/or transported by gravity from surface facilities that
mix tailings, water, and a hydraulic binder to subsurface stopes where it is contained by
support barricades and left to cure until design strength is achieved. This increasingly
common technology can be implemented during active mining operations or upon mine
closure. The high strength and low binder proportions of modern CPB make the
technology desirable from both environmental and geotechnical standpoints.

Since CPB is a relatively modern technology, there are many unknowns
regarding its long term environmental and geotechnical performance. CPB, like other
cement structures is porous, meaning that when cured as a monolith between rock
mass of significantly lower permeability, the CPB structure acts as the path of least
resistance for water migration. The water table in underground mines is often artificially
lowered by pumping during mining operations. As mines are closed and pumping is
discontinued, the water table will return to its natural state by the upward migration of
water through the CPB structure. The leachability of the CPB is a potential concern due
to the possible presence of hazardous materials, such as heavy metals. CPB structures

are susceptible to various temperatures during their curing period due to both external



and internal temperature sources. Thus, it is important to understand the effect of curing

temperature on the leachability of CPB structures.

1.2 Research Objectives and Scope
The primary objective of this research is to determine if the thermal conditions
that CBP structures are subject to during the curing period influence the leachability of
heavy metals, particularly arsenic and lead from the mature CPB monolith. Natural gold
mine tailings will be used to determine how curing temperature affects the leaching of
samples prepared using two binder compositions. Microstructural analysis of the
samples cured at three different temperatures using two different binder compositions
will be conducted to determine if the temperature dependence on leaching is related to
variations in the microstructure of the cement matrix. This experiment aims to:
e Determine if curing temperature influences leachability of mature CPB
e Assess if the hydraulic binder used changes the leachability of CPB cured
at three curing temperatures
e Evaluate the influence of binder composition and curing temperature on
the microstructure of the CPB
e Relate the microstructural properties to the temperature dependent

leaching characteristics of the CPB

1.3 Research Approach and Methods

Previous research regarding the leachability of metals from CPB is limited. Past
studies (e.g., Macsik and Jacobsson 2006; Yin et al. 2007; Kogbara and Al-Tabbaa
2013, Poon et al. 2001; Vollpracht and Brameshuber 2016; Dell'Orso et al. 2012) have
been conducted with interest of the leachability of other cementitious material and
cement stabilized wastes. Leach tests used for these experiments have been divided
into two categories; single extraction batch tests, and multiple extraction dynamic tests.
Within each category there are many tests designed to simulate a variety of leaching
conditions for a range of materials. CBP is monolithic in the field, thus a leaching
protocol designed to simulate long term leaching of a monolith is ideally suited for this
application. ASTM C1308-08 is a standard test method developed for determining the



diffusive release of contaminates from solidified waste forms. This protocol was
reapproved in 2017 suggesting it is the most current standard procedure developed for
determining the accelerated long-term leaching characteristics of monolithic waste
forms.

The ASTM C1308-08 procedure was carried out on samples cured at 2°C, 20°C,
and 35°C using a constant binder proportion of 4.5 wt%. Two binder compositions were
used; Ordinary Portland Cement (OPC), and an OPC - Blast Furnace Slag (BFS or
Slag) mix at a blending ratio of 50%. These curing temperatures and binder conditions
were chosen because they are both commonly observed in the practice of cemented
paste backfilling in shallow to mid-level underground mining practice. Natural tailings
were used in this experiment to ensure results best simulate field conditions with
respect to mix design and chemical composition of CPB. Elemental analysis of natural
tailings resulted in much lower concentrations of As and Pb than expected in the field,
thus tailings were doped with As and Pb to maximum observed natural concentrations
to represent the worst-case leaching conditions over the 11-day leaching procedure.

Leachate collected from the ASTM C1308-08 procedure was analyzed by the
Geochemistry Laboratory at the University of Ottawa using Inductively Coupled Plasma
Atomic Emission Spectroscopy - Mass Spectroscopy (ICP). Leachate analysis was
used to highlight the differences in the leaching characteristics between the six
samples. This data was supported by microstructural analysis of the monolithic
samples. Scanning Electron Microscopy (SEM), Powder X-Ray Diffraction (PXRD), and
Mercury Intrusion Porosimetry (MIP) were used to characterise the microstructure and

relate the microstructural characteristics to the results from ASTM C1308-08.

1.4 Thesis Outline

An outline of this thesis is presented below:

Chapter 2 — Technical and Theoretical Background. This chapter reviews literature on
the technical and theoretical background of hard rock mining practice, mine waste
management, mine backfilling, leaching and leaching tests, sources of temperature in

mining, and sources of arsenic and lead in the mining environment.



Chapter 3 — Theory and Objectives. This chapter describes mine flooding theory and
the objectives of the study which includes; the influence of curing temperature on
leachability, the influence of binder composition on leachability, the combined effect of
temperature and binder composition on leachability, and the influence of microstructure

on leachability.

Chapter 4 — Experimental Design. This chapter outlines the design of the experiment,

including materials and methods as well as analysis techniques.

Chapter 5 — Results and Discussion. This chapter highlights the findings from the ASTM
C1308-08 Leaching protocol and provides evidence from microstructure analysis and

past research as to why trends are observed.

Chapter 6 — Conclusion and Recommendation for Future Research. This chapter
summarizes the findings from this study and provides insight to where future research is

needed in the field of the environmental performance of cemented paste backfill.



Chapter 2 — Technical and Theoretical Background

2.1 Introduction

Underground mining is a vital industry for the excavation and extraction of many
minerals. CPB technology has been developed as a best management practice for
underground mining. There are many benefits to implementing CPB including; surface
disposal area reduction, and underground mine support. As CPB has become standard
practice in Canada and other nations, research has been conducted to improve the
performance of the CPB structures. CPB technology allows for mine waste to be
converted into an economically beneficial product. In this chapter the mining, backfilling
and leaching processes are described. Several leaching tests are discussed, and water

quality standards are outlined.

2.2 Mining and Mine Waste Management

In underground hard rock mining ore bodies are excavated through a series of
shafts, drifts, drawpoints, and stopes. Hard rock mining has a higher operational cost
than some bulk mining methods, however dilution rates (ratio of mass waste to mass
excavated) are reduced by selective mining (Pareja 2000). The New Afton Mine
operated by New Gold Inc. located west of Kamloops British Colombia operates at an
average throughput of 15 thousand tonnes per day; 5.5 Mtpa (Rennie et al. 2015). In
Canada, 500 million tonnes of hard rock mine waste is produced each vyear
(Amaratunga and Yaschyshyn 1997). This number has presumably increased in the
past two decades. This waste must be managed to ensure environmental and
geotechnical stability. There are many forms of waste produced through mining

operations and many methods to mitigate environmental and geotechnical concerns.



2.2.1 Ore Body Excavation
Underground mining excavation sequences differ based on the characteristics

and size of the ore body. Ore bodies must be blasted for muck to be transported to the
surface. This is done through a series of stopes and an engineered subsurface
transport and ventilation system. Stopes (the area that is blasted and excavated) are cut
and filled based on the complex geometry and structure of the ore body. Excavation
sequences may require sequential backfilling during operations to aid in subsurface
support (Villaescusa 2003). Figure 2.1 displays a 3D preview of the ore body at the New
Afton gold and copper mine in BC (New Gold 2017). Muck (excavated rock) is
transported through drawpoints at the base of the stope and brought to the surface
(Ghirian 2016). Muck is stockpiled at the surface where it is classified as ore or waste

rock. Ore is sent to the mill for further processing while waste rock is deposited and

managed according to its acid generating potential (Waihi Gold 2015).
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Figure 2.1. 3D preview of the block cave reserves at the New Afton Mine west of

Kamloops BC (New Gold 2017).



2.2.2 Milling and Extraction

Economic rock sent to the mill must be reduced in size for transport and
extraction. The milling process begins with crushing. Crushing is a dry process where
particles are reduced to a maximum diameter of 16 cm by primary crushers, then
progressively to pass No. 6 to No. 14 mesh by secondary crushers. Once particles are
reduced by the crushers, they are ground by grinders to the micron size. This size
reduction is necessary to reduce particles to a single grain for efficient liberation of
individual minerals. Water is introduced at the grinders as a lubricant, and a medium to
facilitate transport (Balsubramanian 2015). At the grinders, particles are reduced to a
particle size range of 10 to 100 microns. Milled rock is transported through pipelines as
a slurry with a relative density of 1.3 to 1.5 to the extraction plant where the target
mineral is separated from gangue minerals (Blight & Bentel 1983). Figure 2.2

represents a simplified flow chart for mineral processing.

Gravity
Bl separation
e
1
1
1
I
1
l
QOre Crushing Grinding |
Magnetic | Oremineral
— and - and ™ ceparation | T concentrate
sizing milling ,
- B
l
1
- i
Water |
1
=l Flotation I
1
1
Frocess chemicals —a=  F-———+ —*= Tailings

Figure 2.2. Flowchart of common hard rock mine processing operations which separate
ore mineral concentrate from tailings (from Lottermoser 2007).



The particle size of 10 to 100 microns is utilized because it reduces most
minerals to a single grain. The valuable portion of the slurry must be separated from the
valueless sulfides in the extraction process. A common extraction method utilized in
gold mining is froth flotation. Froth flotation separates minerals based on their chemical
behavior. Addition of chemical reagents, or altering pH causes some minerals to
become hydrophobic, while others to be hydrophilic. Air is bubbled through the slurry
and hydrophobic minerals attach to the air bubbles, then collect at the surface as a
froth. Froth is then skimmed from the surface, separating the valuable mineral from the
waste (Wills and Finch 2015). Valuable minerals are sent for further processing, while

valueless minerals must be deposited as mine tailings.

2.2.3 Mine Waste

There are two main types of mine waste that must be managed; waste rock, and
tailings. Each type of waste has its own unique issues with respect to disposal and
storage. Waste rock is the waste produced through the excavation that does not have a
high enough yield of economic mineral to extract. Tailings are produced as the waste
associated with the milling and extraction process. Cumulatively waste rock and tailings

can account for fifty to ninety-eight percent of excavated ore (Nagaraj 2005).

2.2.4 Mine Waste Management
Each type of mine waste is associated with its own set of geotechnical and
environmental challenges. The result of these challenges leads to different

management techniques catered to each of the waste types.

2.2.4.1 Waste Rock Management

Waste rock can be notorious for acid generation, resulting in acid rock drainage.
Although waste rock stacks very well, there is a three-dimensional diffusion pathway for
oxygen to move through the waste rock pile resulting in the generation of protons due to
sulfide oxidation. At depth, sulfides are stable. When brought to the surface and
exposed to oxygen, the following sulfide oxidation reaction series with respect to pyrite

poses a tremendous environmental concern:



1) FeSz + 2H20 + 302 > Fe?* + 2S04% + 4H*
2) Fe?* + v, 02+ H* > Fe3* + % H20

3) Fe®* + 3H20 > Fe(OH)s + 3H* (Occurs when pH > 4)
4) FeSz+ Fe3 + 8H20 > 2Fe?* + 25042 + 16H*

Since the availability of oxygen is the key driver in this reaction series, the most
common approach to waste rock management is to develop soil covers that limit the
ingress of oxygen into the waste rock pile. At pH greater than 4, ferric iron precipitates
may act as an oxidant therefore leading to an increase in acidity by accelerating the

oxidation of pyrite (Singer & Stumm 1970).

2.2.4.2 Tailings Management

Acid generation is also an environmental concern with respect to tailings.
Besides acid generation, large surface disposal areas also pose environmental concern.
The mechanical strength of tailings is very low due to high gravimetric water contents
(between 100 and 150 percent) used in tailings transport, making stacking tailings a
challenge. Since in most cases tailings cannot be stacked, they consume large areas
adjacent to mines due to their high volume and low strength (Vick 1983; Blight & Bentel
1983). Tailings are commonly deposited using a series of dams. The upstream dam
method (Figure 2.3) is most common, however with this method dam failure is a
geotechnical concern. With the upstream method, coarser particles settle first and are
stacked upon each other. This creates dams made primarily of sand sized particles to
retain the remaining portion of the tailings. These sands are susceptible to liquefaction
in the event of seismicity, which can be natural or mine related (Vick 1983). Dam failure
due to liquefaction can be catastrophic, as tailings can flow for several kilometers
resulting in environmental destruction (Azam & Li 2010). To reduce the use of upstream
damming, tailings can be dewatered with hopes of gaining mechanical strength. Soil
covers, and water covers can then be developed to limit the ingress of oxygen to the
tailings, thus reducing the risk of acid generation. Although acid generation can be
mitigated using covers, the large surface disposal areas are not reduced. Backfill
technology can be used to reduce the surface disposal areas by up to 60 % (Fall 2017).
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Backfill technology serves environmental, geotechnical and economic purposes.
Environmentally, surface disposal areas are reduced, thus reducing the risk of acid
mine drainage, and decreasing the number of natural ecosystems that are destroyed.
From a geotechnical standpoint reducing surface disposal areas reduces the risk of
catastrophic dam failure and CBP provides structural support to the subsurface where
mining activities have taken place. Economically, CPB provides enough structural
support to the subsurface that pillars can be converted to stopes, allowing for a higher

percentage of the ore body to be excavated (Benzaazoua et al. 2008).
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Figure 2.3. Upstream dam construction over seven sequential dam raises from the initial
starter dike (McLeod and Bjelkevik 2017).

2.3 Backfill Technology

Mine backfilling is a modern technique where waste rock and/or tailings are
deposited into closed stopes. Prior to backfilling, the drawpoint must be sealed with a
bulkhead or barricade. Sealing the drawpoint can be done using a range of materials
including rock, masonry, and concrete (Rankine and Sivakugan 2006). Backfill is
composed primarily of tailings. However, the mix design of the fill depends of the type of
backfill being used. Backfill can be broken down into three categories; rockfill, hydraulic
fill, and paste fill (Ghirian 2016).

2.3.1 Rock Fill
Rock fill technology uses a mixture of waste rock and tailings to fill stopes. Rock
fill can be classified as uncemented rock fill (URF), or cemented rock fill (CRF). With

CRF, a cement paste is mixed with the remainder of the fill prior to deposition. 4% to 8%
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cement can be added to the fill to increase the mechanical strength of the fill (Ghirian
2016).

2.3.2 Hydraulic Fill

Hydraulic fill is a simple method of backfilling using a slurry composed of tailings,
water, and sometimes cement, additives and waste rock. Hydraulic fill is poured via
pipelines or boreholes and can be mixed at the surface or underground. Drainage ports

are added to the stope to facilitate dewatering of the fill (Ghirian 2016).

2.3.3 Cemented Paste Backfill

Cemented paste backfilling is an emerging mine waste management practice,
that in recent years has become widely used in hard rock mining. CPB is a combination
of fine tailings, water, and a hydraulic binder. Commonly, the fine tailings fraction of
CPB ranges from 70-85 wt% (Fall et al. 2008). The hydraulic binder often accounts for
3-7 wt% (Benzaazoua et al. 2004). Binder percentages of up to 10 wt% are not
uncommon for the first pour, where a rapid increase in mechanical strength is desired
(Williams et al. 2001). The most common binder used is Ordinary Portland Cement
(OPC). Additives such as blast furnace slag (BFS), and fly ash are often used as
components of the hydraulic binder (Tarig and Yanful 2013). Additives can be used to
cut costs, since the use of OPC can account for as high as 75% of CPB cost (Grice
1998). The remaining percentage of the paste is water, which can be fresh water or
recycled mine water (Wu et al. 2015).

The result of the CPB mix components is a high-density slurry. This slurry is a
non-Newtonian fluid that is sequentially pumped and/or transported by gravity into
stopes. The first pour (plug) contains a higher binder percentage to ensure a high
mechanical strength in early stages of curing. The second pour consists of a lower
binder percentage, thus increasing the volume of tailings in the paste, and reducing
costs associated with the binder. This method also reduces stress within the backfill and
on the barricades by keeping a low pore water pressure (Ghirian and Fall 2015). Pore
water pressure within the plug is reduced by the degree of hydration achieved prior to

the second fill. The plug is cured for up to a few days before the second pour is initiated.
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The higher binder content in the plug allows the CPB to hydrate rapidly and gain early
age strength quickly. As CPB hydrates the material stiffens increases, and the
coefficient of permeability decreases. This results in a decrease in the maximum pore
water pressure within the backfill (Shahavari and Grabinsky 2016; Ghirian and Fall
2015).

CPB is a preferred practice due to its environmental, economical, and
geotechnical benefits. From an environmental standpoint, CPB can reduce the surface
disposal footprint of a mine, and remove acid generating tailings from earth surface
conditions. Geotechnical advantages include increased structural support of the mine
both during operation and upon closure (Fall and Benzaazoua 2005). Economically,
CPB can allow for excavation of adjacent stopes, and reduce surface rehabilitation
costs (Benzaazoua et al. 2008). Although there are many advantages to the use of CPB
technology, it is important to consider the potentially harmful environmental effects of
this practice. One concern regarding the use of CPB is ground water contamination due
to leaching through the cement matrix. Cement is a porous medium and is therefore
susceptible to the natural leaching process (Vollpracht and Brameshuber 2016). It is
important to consider the leachability of the CPB when considering CPB as a waste

management practice.

2.3.3.1 Mix Design of CPB

The mix design of CPB is a crucial factor in optimizing the performance, while
ensuring economic viability. CPB must be both transportable and cost-effective. Factors
that influence both cost and transportability are W/C ratio, tailings fineness, tailings
density, and cement content (Fall et al. 2008). Economically, mix design becomes
important because the cost of cement can be as high as 75% of the total backfill cost
(Grice 1998).

The mix design of CPB varies depending on the mining operation. OPC is the
primary binder used. BFS is commonly used as an additive to the mix. Additives
including non-ferrous slag, fly ash and other pozzolanic materials are also used (Ghirian
2016). The delivery of the paste to the stope, as well as the hydration reactions resulting
in the curing of the CPB require water (Benzaazoua et al. 2004). The chemistry of this
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water is critical with respect to the short-term and long-term strength development of
CPB. Therefore, mixing water must be analyzed prior to use (Benzaazoua et al. 2002).
Figure 2.4 displays typical mix proportions found in CPB (Ghirian 2016). The water
content, tailings percentage and water to cement ratio can be adjusted to meet desired

rheological and hardened strength properties (Ouellet et al. 2005).
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Figure 2.4. Common mix proportions of CPB (from Ghirian 2016).

2.3.3.2 CPB Preparation

With the use of conventional deposition, the solids content of tailings ranges from
35% to 60% (Ghirian 2016). Further dewatering of these tailings to a solids content of
70% - 82% is required for CPB preparation. This dewatering is typically done using disk
filters, and results in the production of filter cake. Thickened tailings, in the form of filter
cake, are sent to a mixer where they are combined with the choice binder of the
operation, and water to achieve the desired slump (Belem and Benzaazoua 2004).

Figure 2.5 displays a flow chart of a paste production plant.
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Figure 2.5. CPB production plant at Louvicourt mine Canada (from Belem and
Benzaazoua 2004, after Cayouette 2003)

2.3.3.3 CPB Transportation

CPB is transported from the production plant to the subsurface using pipelines.
Transport systems for CPB are designed using the rheological behavior of the paste.
CPB behaves as a non-Newtonian fluid, therefore it must be transported accordingly,
meaning the applied stress must exceed the yield stress. A slump test is commonly
performed on the paste. Results from the slump test are correlated to the viscosity and
yield stress. The applied pressure gradient can then be determined using the viscosity
and yield stress provided by the slump test (Ghirian 2016). Pump/gravity systems can
be implemented to decrease the energy required to transport the paste by taking
advantage of flow due to gravity. An optimal ratio of vertical to horizontal distance can
be determined such that the pumping energy required is minimal. In some cases
systems using gravity alone can be developed (Belem and Benzaazoua 2004). Figure
2.6 outlines three basic transportation system designs that can be implemented (Belem

and Benzaazoua 2004).
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Figure 2.6. Three transportation systems for CPB that use pumps and/or gravity to
move paste backfill to the stope (from Belem and Benzaazoua 2004, adapted from
Thomas 1979).

2.4 Leachability

It is important to consider the leachability of CPB because it is a porous material.
Tailings from hard rock mining are known to often contain heavy metals such as
arsenic, zinc and lead. These metals, among others, were once stable when they were
bound in rock at depth. Excavation of this rock and exposure to earth surface conditions
reduces the thermodynamic stability of minerals, resulting in metal availability (Usiyama
and Fukushi 2016). The presence of metals in tailings is therefore an environmental
concern due to their toxic properties. Binding these metals in CPB may reduce the risk
of metal contamination, however if they are able to leach from the cement matrix, then

there is a risk of ground water contamination.

2.4.1 Leaching Mechanisms

According to Vollpracht and Brameshuber (2016), there are three main
mechanisms that influence the leachability of cementitious material (e.g. CPB). The first
mechanism is the diffusion of ions from the cement matrix to the pore water solution.
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The second mechanism is solubility. The third mechanism is soluble salt wash off from
the pore linings. Crossover between mechanisms must be considered. For example,
changes in solubility may promote diffusion. Each mechanism is governed by a set of

controls that must be considered.

2.4.1.1 Diffusion of lons from the Cement Matrix

Leaching from a cement-based material begins with the movement of ions from
the interior of the cement structure to the pore matrix and finally these ions will be
leached out of the cementitious material. Compounds undergo dissolution and are then
transported by the porewater through the cemented material. Most ion movement is
controlled by the diffusion mechanism (Ekstrom 2003). Diffusion of ions from the
cement structure to the pore water is dependent on concentration gradients. As ions
diffuse from the cement to the pore solution, intermolecular forces also play a role in the
diffusion flow of the ions. Mobility of ions depends both on diffusion from the matrix to
the pore solution, and diffusion flow within the pore solution (Ekstrom 2003).
Concentration gradients also occur between the pore water solution and the leachate.
These concentration gradients result in the movement of ions from the porewater
solution to the eluate (into the environment) (Vollpracht and Brameshuber 2016).
Increases in the hydraulic conductivity of the cement results in an increase in the
diffusion coefficient. Over time, as leaching occurs pores tend to widen, resulting in an

increased w/c ratio, thus a higher diffusion coefficient (Ekstrom 2003).

2.4.1.2 Solubility

The mobility of a constituent within the cement matrix is commonly governed by
the solubility of the constituent. Solubility relates to the saturation of the given
constituent in the pore solution or leachate. Solubility of some constituents is dependent
on thermodynamics, while other constituents rely on kinetics (Al 2017). Materials in
cement-based material may not follow the solubility series that could be expected based
on their chemical composition. This is because solubility is dependent on the chemistry
of the water that encounters these materials. Therefore, the water chemistry of both the

leachant and the pore water influences the order and rate at which constituents go into
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solution. For example, materials of lower solubility may undergo dissolution more rapidly
than materials of higher solubility based on the chemistry of the water moving through
the system (Ekstrém 2003).

2.4.1.3 Soluble Salt Wash Off

Soluble salts accumulate on the pore linings of the cement matrix as a by-
product of hydration products. Salts such as monosulfate, can precipitate in the early
stages of hydration (as early as 0.5 to 1 day). Precipitates form on the pore lining and
often undergo dissolution when contact with a leachant occurs. This dissolution of
precipitates can be considered “soluble salt wash off’ since the precipitates have
accumulated exclusively on the pore lining (Vollpracht and Brameshuber 2016).
Ekstrom 2003 refers to the “soluble salt wash-off” process as the leaching of the layer
between the pore solution and the core of the specimen. The layer between the pore

lining’s composition includes soluble salts and other hydration products.

2.4.2 Leaching Controls

Controls of the mechanisms discussed above are outlined by Macsik and
Jacobsson (1996). Although it is often difficult to compare laboratory tests to field
measurements, the following controls are understood to influence in situ leaching of
cementitious material; surface area of continuous pores that are in contact with pore
water, movement of water through the pore matrix, pH of the porewater, redox
conditions and pore water content, and the release of alkali and alkaline earth metals
during hydration. Results from the study conducted by Macsik and Jacobsson (1996)
suggest that the binder composition is also a controlling factor with respect to the
leaching mechanisms outlined by Vollpracht and Brameshuber (2016).

High pore surface area can lead to an increased concentration gradient for
diffusion, and an increased area for soluble salt accumulation during hydration. As pore
surface area increases, the leaching potential of the CBP increases due to an increased
area for ion transfer (Vollpracht and Brameshuber 2016; Dell’'Orso et al. 2012).

Pore water movement is a very important control over leachability. The hydraulic

conductivity, or permeability of the CBP is the key characteristic related to pore water
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movement. Factors affecting the conductivity of the CPB include mix components,
curing time, temperature, mechanical damage, and stress applied (Fall et al. 2009). As
hydraulic conductivity increases the movement of porewater through the cement matrix
will increase. Although increased water movement decreases contact time, an increase
in physical and chemical weathering of the cement will occur. This will lead to an
increase in leaching of the CPB. It is important to note that based on the study
conducted by Fall et al. (2009), the permeability of CPB becomes very low between the
curing time of 28 and 55 days.

pH is a critical factor when considering the mobility of metals in the cement
matrix. The experiment conducted by Dell’Orso et al. (2012) determines the relationship
between pH and leachate concentration of zinc and lead for five leachate-to-solid ratios.
The trend observed is that at low pH many metals are most mobile, as pH approaches
neutral to slightly basic the mobility of metals decreases, and finally as pH becomes
very basic mobility tends to slightly increase. This trend is also observed in the
experiment conducted by Tabeline et al. (2014). This experiment used similar
methodology to Dell'Orso et al. (2012); however, the porous medium leached was a
sedimentary rock. The importance of this finding is that there is a high potential for low
pH water to be present where there is mine waste. The sulfide oxidation process
releases protons, causing mine waste water to often be acidic. If this low pH water
enters the CPB pores, a high metal concentration in the leachate may result.

Redox conditions of the porewater become important when investigating
multivalent metals. The redox state of the metal can govern its mobility. Macsik and
Jacobsson (1996) found iron to be a redox sensitive metal. Higher iron concentrations
were found in leachate collected under aerobic conditions. When considering the redox
conditions of the CPB, the groundwater table, and microbial activity should be
considered.

Release of alkali and alkaline earth metals from the cement hydration process
accumulate in the form of a soluble salt layer on the pore lining. The wash-off of these
salts is seen as the first leaching step. Concentrations of sodium, calcium, magnesium,
and potassium may be seen in leachate as the product of this wash off (Macsik and
Jacobsson 1996; Vollpracht and Brameshuber 2016).
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Finally, a variety of binder compositions and mix ratios are used in CPB practice.
The binder used influences the microstructural properties of the CPB (Wu et al. 2015).
In laboratory experiments regarding cement stabilized sulphide soil, the use of ordinary
Portland cement (OPC) without additives yielded the highest leachability. When OPC
was combined with Slag the leachability decreased (Macsik and Jacobsson 1996). This
suggests that the use of additives such as slag and fly ash alters the microstructural
properties of the CPB favourably when considering leachability. The use of additives
may reduce the pore surface area, therefore reducing the contact surface between the
CPB and the pore water (Macsik and Jacobsson 1996). As discussed previously, a
lower surface area will reduce the potential for ion transfer, thus reducing the leaching
potential of the CPB.

2.5 Temperature Sources in Mine Backfilling

The curing temperature of CPB is highly variable and depends on several
factors. The temperature of the backfill can be effected by the geographic location of the
mine, geologic conditions and stope depth, the hydration and transport of the backfill,
rock or backfill self-heating, and temperature variations produced by the mining
operation (Fall et al. 2010).

2.5.1 Geographic Location

The geographic location of a mine is a control over the temperature that CPB is
cured at. CPB’s wide spread use across many different climates results in variable near
surface conditions. When considering the leachability of CPB, near surface conditions
are important, because near the surface is where CPB leachate could cause harmful
effects to local groundwater systems. Although there is some seasonal variation, in
northern Canada and other northern regions, the virgin rock temperature surrounding
stopes can remain permanently below zero to depths of 1000 m (Fall et al. 2010; Udd
2006). While the average near surface temperature of a gold mine in South Africa
increased from 15 to 32 °C between 0 m and 1500 m (Rawlins and Phillips 2001).
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2.5.2 Local Geology and Stope Depth

The temperature of the rock adjacent to the stope is affected by the local geology
and depth of the mine. Generally, temperature increases with depth because of
geothermal gradients (Figure 2.7). In a deep gold mine in South Africa, the temperature
of the rock corresponded to depth as follows; 35°C at 3 km, 50°C at 4 km and 70°C at 5
km (Rawlins and Phillips 2001). While studies by Martinson (1977), in South African
Gold mines, found that the virgin rock temperature at a depth of 3.6 km ranged from
50°C to 70°C. Martinson also noted that the dry bulb temperature gradient in the mine
was approximately 1°C per 100 m, increasing with depth. Geologic conditions govern
the virgin rock temperature in deep mines. Since local geology plays an active role in
mine temperature, temperature with depth can be variable for mines situated in different

geologic settings (Fall et al. 2010).
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Figure 2.7. Data displaying the increase in temperature with depth due to the
geothermal gradient (from Fall et al. 2014 with data from Rawlins and Phillips 2001).
2.5.3 Hydration and Transport of Backfill
The hardening of CPB is possible because of the hydration of a binder. Binder
hydration produces heat as the result of an exothermic reaction. Significant heat
generation through hydration does not easily dissipate thorough the cement structures

due to their large size, and insulating capacity. This results in elevated temperatures
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through the curing process of the CPB. Findings of temperatures of up to 47.2°C in field
experiments directly measuring temperatures in hydrating CPB have been recorded.
The primary source of heat in this case is the hydration reaction (Fall et al. 2010;
Williams et al. 2001).

Transport of backfill from the production location to the stope can also contribute
to the curing temperature of the fill. Backfill transport is conducted through pipelines that
move the paste from the surface to the stope. Reasons for temperature increase during
transport include; fluid compression with depth, friction loss, non-use of energy recovery
systems, selection of fluid flow rate in converging pipes, and other fluid properties

including thermal capacity (Fall et al. 2010; Rawlins and Phillips 2001).

2.5.4 Rock or Backfill Self-Heating

Under some circumstances, exothermic reactions between sulfide minerals, such
as pyrrhotite, that may be present in the paste, or in the virgin rock adjacent to the stope
with the paste can cause temperatures greater than 400°C. The self heating reactions
involving sulfide minerals are rare, and therefore not well understood (Fall et al. 2010;
Bernier and Li 2003).

2.5.5 Temperature Variation Produced by Mining Operations

There are many technologies and processes used in the mining operation that
may cause temperature variation within the stope. One source of heat that may play a
significant role in altering the curing temperature of CPB is artificial heating of CBP to
increase the early strength of CPB structures. The magnitude of this induced
temperature varies based on binder composition, however temperatures as high as
600°C have been experimentally tested (Orejarena and Fall 2008). Other sources of
temperature variation include ventilation, blasting, fires, mine machinery, and lighting.
As discussed previously the size and insulating capacity of the CPB structures result in
these temperature sources having little effect on the curing temperature (Fall et al.
2010).
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2.6 Possible Temperature Effects Associated with Leaching

As discussed previously, the micro-structural properties of CBP are controls over
leachability. Curing temperature can have a pronounced effect on the micro-structure of
the monolith, with a primary control being the continuity and surface area of pores.
Within this temperature range, the hydrates that produce the pore lining vary (Fall and
Samb 2009). The variability of the hydrates lining the pores may result in inconsistent
leaching between samples that have a micro-structure that is near the same physically.
Curing temperature influences the hydration reactions of cements and cement stabilized
materials (Lothenbach et al. 2008). The formation of hydration products influences the

immobilization capacity of cement stabilized materials (Stronach et al. 1977).

2.7 Standard Leaching Tests

There are several leaching tests that can be used to determine the leachability of
cementitious materials. There are two general categories of leaching tests; dynamic
leaching tests and static leaching tests. Dynamic leaching tests use a continuous
leachant supply and are conducted as either flow-through or flow-around tests, with
multiple extractions. Static leaching tests are a single extraction test (Washington State
Department of Ecology 2003). Within each category there are many different tests that
can be implemented. Sequential batch laboratory leaching tests (dynamic leaching
tests) are developed to simulate leaching that would occur over tens or hundreds of
years in a natural environment. These sequential batch tests tend to simulate the worst
case leaching scenario (Macsik and Jacobsson 1996). Some of these leaching tests will
be discussed and a test that simulates the “worst case” leaching scenario of CPB will be

chosen.

2.7.1 Single extraction/batch leaching tests (static leaching tests)

Single extraction tests are designed such that the leachant is not renewed
throughout the duration of the protocol. The leaching fluid that becomes leachate
through the test duration is removed as a single unit at the end of the leaching time.

These tests are designed such that steady state equilibrium is achieved by the end of
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the test to quantify the long-term leaching behavior of the material of interest

(Washington State Department of Ecology 2003).

2.7.2 Sequential Batch Leaching Tests

Sequential batch leaching tests (SBLT) are designed such that a portion of
leaching fluid is extracted at set increments throughout the testing period. This allows
for the derivation of kinetic and constituent mobilization information (Washington State
Department of Ecology 2003). This means contaminate release through time can be

recorded.

2.7.3 Flow Around Tests

Flow around tests are suitable for materials that are bound as monoliths or
stabilized waste. The material is suspended in allowing for leachant to flow around the
sample and into pores. Leachate is renewed throughout the test duration like a
sequential batch leaching test to determine kinetic information, species mobility, and

cumulative fraction leached (Washington State Department of Ecology 2003).

2.7.4 Flow Through Leaching Test

Flow through leaching tests require a pressurized flow to force a leaching fluid
through the pores of monolithic or compacted materials. The applied pressure required
depends on the permeability of the material. The leachate that passes through the
material is collected and can be analyzed at increments through the duration of the

leaching period to determine both IFL and CFL.

2.7.4.1 Monolith Leaching Test using a Modified Triaxial Cell

This test is not an industry standard and has only previously been used in a few
experiments to determine the leachability of cement stabilized waste. This flow through
test has been developed by Butcher et al. (1993), specifically for leaching monolithic
samples. This test used a triaxial cell that has been modified to create accelerated
leaching conditions by use of pressurized flow to force a leachant through the pores of
the monolith. This test simulates the leaching of a monolith more realistically than a flow
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around test because in reality pore surfaces are the main contact area for interaction
between the groundwater and the stabilized waste, so the actual leaching surface of the
monolith is being exposed to accelerated leaching conditions (Butcher et al. 1993).
Since there is no industry standard protocol or equipment for this test, it was ruled out

for this experiment.

2.8 Leaching Protocol of Choice
Considerations must be made to determine the suitable test to be used for the
leachability of a CPB sample. Past procedures will be compared and the test that

appropriately suits the experiment will be chosen.

2.8.1 Protocol Considerations

Several considerations must be made when choosing a leaching test for a CPB
sample. The primary consideration is that CPB is monolithic in the field. It is important to
conduct leaching tests on a monolithic sample, therefore any leaching test that requires
particle size reduction is not valid. If a crushed sample were to be used, the porosity
and permeability of the sample for the given curing temperature would not be
considered. It is also important that the test conducted is suitable for anaerobic
conditions. CPB is common below the ground water table where oxygen is not
available. Based on past experiments by (Aldhafeeri et al. 2016; Benzaazoua et al.
2004; Cui and Fall 2016), the properties of CPB evolve with quite rapid change between
a curing time of 0 days and 120 days. Near 90-120 days, the CPB becomes relatively
stable. These past experiments have recorded CPB properties at 14, 28, 56, 90, and
120 days, with some including 150 days. Based on these past experiments, CPB can be
considered mature after curing for 90 days. The leaching test chosen should be

conducted with a monolithic sample of mature CPB.

2.8.2 Past Tests Used for Determining Leachability of Cement Stabilized Materials

Past tests used to determine the leachability of cementitious monoliths have
used multiple available leaching tests. Macsik and Jacobsson (1996) used Sequential
Leaching Tests to simulate the leaching of a LD-Slag/Portland Cement stabilized soil. In
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this experiment, monolith was crushed to reduce particle size. This methodology would
not yield comparable results when considering samples cured at different temperatures
because the particle size distribution, and artificially created pore surface would create
variability in the experiment for which there could be no account. The Sequential Batch
Leachate Test does not require particle size reduction, is relatively inexpensive to
perform and can be conducted in under both anaerobic and aerobic conditions
(Washington State Department of Ecology 2003).

In a study performed by Yin et al. (2007), whole block leaching tests that have
not been previously discussed were performed to determine the heavy metal
leachability from an OPC stabilized scrap metal waste. This test protocol used 25.4 mm
cubic monolithic samples suspended in 100 ml of either acetic acid (0.1 M) or de-
ionized water. Leachates were collected at 1, 3, 7, 15, 31, and 63 days, then filtered and
analyzed for metals. This experimental design was intended to simulate short-term
leaching of a monolithic sample (Yin et al. 2007).

The NEN 7375 leaching test for monolithic samples was used by Kogbara and
Al-Tabbaa (2013), when leaching a stabilized soil monolith bound with OPC. This test is
like the block leaching test described above where the de-ionized water is used as a
leachant and is replaced at 0.12, 1, 2.25, 4, 9, 16, 36, and 64 days. Metal analysis is
performed on the extracted leachate (Kogbara and Al-Tabbaa 2013).

Flow through leaching tests using a modified triaxial cell have also been used to
determine the diffusivity of heavy metals from cement stabilized waste (Poon et al.
2001). Poon et al. (2001) describes the leaching procedure used for their experiment as
a flow through test. Flow through tests are suitable for monolithic cement stabilized
samples that are surrounded by an impervious or less pervious material (Poon et al.
2001). In the case of CPB, a porous cement bound waste is surrounded by rock mass
(an unfractured rock mass is considered in this study). Since this is a porous media
surrounded by a material with lower permeability, the flow through leaching mechanism
must be considered. Flow through tests have not been commonly used for monolithic
samples since there is no industry standard. The methodology of the test used by Poon
et al. (2001), and other researchers stems from the protocol discussed above by
Butcher et al. (1993).
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2.8.3 Chosen Leaching Protocol: ASTM C1308-08

ASTM C1308-08 is an ASTM standard test method that has been reapproved in
2017. The method is developed to determine leach rates from solidified matrix material
(ASTM 2017). The protocol is designed such that long-term diffusive release can be
estimated if the dominant leaching mechanism of a constituent of interest is mass
diffusion. This information can be derived through the constituent concentrations found
by analyzing leachate that is completely renewed at specified intervals through the
protocol. From the complete renewal of leachate, the incremental fraction leached (IFL)
and cumulative fraction leached (CFL) can be computed. The IFL refers to the mass
leached at a given test interval. The CFL corresponds to the total mass leached over
the duration the test.

ASTM C1308-08 was chosen because it is a standard leaching procedure
designed to determine both IFL and CFL of monolithic cement stabilized materials. CPB
is a cement stabilized waste therefore it is falls into the category of materials for which
the ASTM C1308-08 was designed for. This protocol is developed to simulate long term
leaching behavior over an 11-day leaching period, with 14 leachant renewals. The test
required minimal equipment, reducing experimental cost.

The protocol allows for the calculation of IFL and CFL, however since this test
was used as a comparative analysis, it was slightly modified to determine fractional and
cumulative mass leached. This means that leaching interval analysis will consider mass
leached as opposed to a fraction of the initial concentration present in the material. This
was done to prevent uncertainty of the initial mass within each CPB, based on density

changes as a result of curing conditions.



2.9 Canadian and EPA Drinking Water Standards

Drinking water standards devised by Health Canada and the United States
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Environmental Protection Agency, as well as groundwater guidelines produced by

Government of Canada are highlighted in Table 2.1.

Table 2.1. Drinking water standards and ground water quality guidelines for inorganic
contaminants in Canada and the United States (Health Canada 2012; FCSAP 2010; US

EPA 2013).
Canada EPA
Drinking Water Groundwater Guideline Drinking Water

Inorganic MAC AO o OG Lowest Guidance MCLG MCL or TT
Constituents (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Aluminum NA <1.0 NA NA NA
Ammonia NA NA NA NA NA
Antimony 0.006 NA 1.6 0.006 0.006
Arsenic 0.01 NA 0.005 0 0.01
Asbestos NA NA NA 7 MFL 7 MFL
Barium 1 NA 0.5 2 2
Beryllium NA NA 0.0053 0.04 0.04
Boron 5 NA 0.5 NA NA
Cadmium 0.005 NA 0.000017 0.005 0.005
Calcium NA NA NA NA NA
Chloride NA <250 100 NA NA
Chromium 0.05 NA 0.0089 0.01 0.01
Copper NA <1 Variable 1.3 1.3
Cyanide 0.2 NA 0.001 0.2 0.2
Fluoride 1.5 NA 0.12 4 4
Iron NA <0.3 0.3 NA NA
Lead 0.01 NA Variable 0 0.015
Magnesium NA NA NA NA NA
Manganese NA <0.05 0.2 NA NA
Mercury 0.001 NA 0.000016 0.002 0.002
Nitrilotriacetic acid 0.4 NA NA NA NA
Nitrate 3 NA 13 10 10
Nitrite NA NA NA 1 1
Selenium 0.05 NA 0.001 0.05 0.05
Silver NA NA 0.0001 NA NA
Sodium NA <200 NA NA NA
Sulfate NA <500 100 NA NA
Sulfide NA <0.05 0.002 NA NA
Thallium NA NA NA 0.0005 0.002
Uranium 0.02 NA 0.01 0 0.03
Vanadium NA NA 0.1 NA NA
Zinc NA <5 0.01 NA NA
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2.10 Association of Arsenic and Lead with Gold Mine Tailings

Arsenosulfides are commonly found in association with sulfide-bearing mineral
deposits. These deposits include arsenopyrite (FeAsS), orpiment (As2S3), and realgar
(AsS/AsaS4). Formation of sulfide bearing ore arises principally in hydrothermal and
magmatic veins where gold mineralization commonly. Additionally, other sulfide-bearing
minerals such as galena (PbS), a lead bearing sulfide, are also commonly associated
with hydrothermal and magmatic gold bearing deposits occurs (Flora 2015; Kretschmar
and McBride 2016; Zhu et al. 2011). Non-sulfide minerals containing arsenic, such as
loellingite (FeAsz), are also regularly found in gold ore deposits (Hamberg et al. 2017).
Extraction of gold from arsenic bearing ore can result in the production of arsenic
trioxide. A documented example substantial As203 production through gold extraction
comes from the Giant Mine in the North West Territories where 237 000 tonnes of
arsenic trioxide waste was produced over the life of the mine (Government of Canada,
2018).

2.11 Cement and Hydrating Cement Systems

Cement or binder is an important part of CPB, since when mixed with water
hydration occurs resulting in the cementation of the material. In CPB hydration results in
strength gain as bonding occurs between tailings particles. Binders used in CPB are
commonly composed of OPC and admixtures of other pozzolanic materials (Ghirian
2016).

2.11.1 Portland Cement Hydration

Anhydrous Portland cement clinkers commonly contain the following
constituents; silicates: tricalcium silicate or alite (CsS, 50 — 70 wt%) and dicalcium
silicate or belite (20 — 30 wt%), and aluminates: tricalcium aluminate (C3A 5 — 12 wt%)
and tetracalcium alumina ferrite (5 — 12 wt%) (Cocke 1990; Ghirian 2016). These
compounds hydrate to form three main types of hydration products; calcium silicate
hydrate (C-S-H), calcium hydroxide (Ca(OH)2 or CH), and ettringite
(83Ca0-Al203-3CaS04:31H20) calcium sulphoaluminate (Ghirian 2016). A schematic of
the hydration process of Portland cements is displayed in Figure 2.8.
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Figure 2.8. Hydration process of Portland cements where box size
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2.11.2 Sequential Hydration Process

The reactions between the liquid phase and the clinkers (solid constituents that

make up the cement powder) are exothermic chemical processes. The exothermic

reactions occur in five distinct stages in the following order: initial, induction,

acceleration (or settling), deceleration (or hardening) and densification, seen in Figure

2.9 (Bullard et al. 2011). This multi-step process is described in studies by (Neville,
1995; Swaddiwudhipong et al., 2002; Soroka, 2003; Bullard et al., 2011; Winter, 2012)

are summarized below:
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(1) Initial reaction: Upon addition of mixing water during the mixing period to
about 30 minutes aluminates and gypsum undergo rapid dissolution releasing heat, Na,
K, Ca, OH, and SO« into the pore solution.

(2) Induction: Calcium silicates react resulting in the initial formation of C-S-H gel.
This occurs between 30 minutes and 3 hours. The porewater solution becomes
supersaturated with Ca and OH. Ettringite forms as a product of reactions between
gypsum and CsA. The formation of these hydration products results in the retardation of
hydration rate. Heat generation ceases, and the paste is plastic.

(3) Acceleration: Heat is generated in significant quantities as a result of C3A and
gypsum reactions initially and then CsA and ettringite sequentially later. C-S-H and CH
form resulting in refined pore space and increased strength. This takes place between 3
and 17 hours.

(4) Deceleration: undissolved clinkers are isolated by the continued formation of
C-S-H and CH resulting in a slowed hydration rate. The porosity continues to decrease.
This stage occurs between 17 and 48 hours.

(5) Densification: this occurs from the end of the deceleration stage to up to
several years of curing. Remaining CsS and C2S dissolve at very slow rates by means
of diffusion. This dissolution contributes to the formation of a solid C-S-H and CH mass,

leading to low porosity, low hydraulic conductivity, and high strength.

[mitial reaction

Acceleration
Deceleration

Slow reaction

Heat flow (mW/g)
e ]

6 9 12 15 18 21 24
Age of specimen (hrs)

[N

Figure 2.9. Rate of hydration with curing time (Bullard et al. 2011).
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2.11.3 Factors That Affect Cement Hydration

The dominant factors that influence hydration include curing pressure, curing
temperature, water to cement (w/c) ratio, and cement fineness (Lin and Meyer 2009).

Increased curing pressure can result in a high curing rate displayed in Figure
2.10 (a). The increase in hydration with pressure is explained by an increase in contact
between hydration water and cement grains (Zhou and Beaudoin 2003). Increased
curing pressure may also result in densification of the cement matrix, resulting in
increased compressive strength (Roy et al. 1972).

As shown in Figure 2.10 (b), curing temperature has a substantial influence on
hydration rate. Increased curing temperatures may result in more rapid hydration,
producing increased early compressive strength and density. Consequently, high curing
temperatures can result in decreased long term performance, because at advanced
ages, porosity may be higher, and microstructure less uniform. These characteristics
can be attributed to a decrease in mechanical strength (Kjellsen et al. 1990; Maltais and
Marchand, 1997; Elkhadiri et al. 2009).

The rate of hydration may increase with a decrease in w/c ratio, as described in
Figure 2.10 (c). Reduced w/c ratio can also lead to increased mechanical strength,
decreased porosity and decreased hydraulic conductivity (Goto and Roy 1981, Bentz et
al. 2009).

As a given mass of particles becomes finer the surface area increases. Increase
surface area may allow for increased water contact with cement grains, creating a
higher rate of hydration. Fineness of particles also influences the thickness of hydration
products. Finer particles result in less thickness meaning setting time may be reduced,
hardening process accelerated, and mechanical strength increased (Ginebra et al.
2004; Bentz et al. 2008; Lin and Meyer 2009).
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Figure 2.10. Cement hydration evolution under different conditions (a) curing stress, (b)

curing temperature, (c) w/c ratio, and (d) cement fineness (from Lin and Meyer 2009).

2.11.4 Influence of Blast Furnace Slag

The four primary components of BFS are oxides: lime (CaO) 35-38 wt%, silica
(SiO2) 33-35 wt%, alumina (Al203) 17-20 wt%, and magnesia (MgO) 6-8 wt% (Liu et al.

2017; Prasad et al. 2018). Other components that may be present in minor amounts

include (SOs, FeO or Fe20s3, TiO2, K20, Na20, etc.). Minor components may vary

depending on the blast furnace however, the four major oxides remain relatively

constant (Taylor 1997).

The latent hydraulic property of slag is an important consideration when

supplementing the OPC binder. Slag will react with water, but the reaction rate is

notably slow, unless an activator is involved. Common slag activators include Portland

cement, sulfates, sodium silicate, and calcium hydroxide. These activators may be

referred to as alkali activators due to their alkali metal content (Narang and Chopra
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1983; Chen 2007). Activation of slag by Portland cement (activation utilized in this
study) is a sequential process. First small amounts of BFS react with available calcium
sulfides. Slag hydration then increases initially by activation due to alkalis and finally by
CH produced in the Portland cement hydration reaction (Chen 2007). The reaction
stoichiometry regarding the consumption of CH in slag hydration is outlined by
Richardson et al. (2002):

C, 8857 39M3A + 2.6CH 4+ bH — 7.39C; 4,SHmAp 046 + 0.66M, JAH,
where:
C7.88S7.39M3A = empirical formula for BFS
7.39C1.42SHmA0.046 = C-S-H
0.66Ma4.6 AHd4 = hydrocalcite
7.39m + 0.66d = b: dependent on slag to CH ratio and temperature

OPC-Slag cements result in different characteristics compared to an unblended
OPC binder. Notable considerations when supplementing slag into the binder include:
increased formation of hydration products (specifically at higher curing temperatures),
increased 28-day and 90-day UCS, and increased susceptibility to sulfate attack in

sulfide rich mixtures (Fall et al. 2014).
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Chapter 3 — Theory and Objectives

3.1 Mine Flooding and Groundwater Flow Theory

During underground mining operations groundwater is pumped from the mine
cavities via a sump station. Pumping is conducted to keep active mining areas dry by
removing groundwater from the voids. Upon mine closure the sump is decommissioned,
resulting in groundwater rebound (Alvarez et al. 2018). Groundwater rebound is the
phenomena of groundwater rise and movement through interconnected pore spaces to
achieve hydrodynamic equilibrium. Pumping depresses the groundwater surrounding
the pumps area of influence. The equilibrium conditions of the system after backfilling
and mine closure will be altered from the natural steady state conditions that existed
prior to excavation of parent rock. Groundwater flow is governed by difference in
hydraulic head. This is described by Darcy’s Law, which defines groundwater flow

through porous media (Fetter 2013). Darcy’s Law in general terms:
0= K
dl
Q represents discharge, while K represents hydraulic conductivity, A represents
the cross-sectional area of flow, and dh/dl represents the hydraulic gradient. Hydraulic
gradient describes the change in hydraulic head (energy density) over a given distance.

Thus, the hydraulic conductivity of porous media can be expressed as (Fetter 2013):

K= ——2

A ()

Hydraulic conductivity is expressed in units of length per time and is the
coefficient in Darcy’s Law that relates to the nature of the porous medium (Fetter 2013).
The rate of ground water rebound relates to the saturated hydraulic conductivity of the
CPB. Assuming the (intrinsic) permeability of the CPB is greater than that of the parent
rock, water will first move through the CPB to achieve hydrodynamic equilibrium. The
hydraulic conductivity is directly related to permeability through the equation (Fetter
2013):
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Ki represents permeability while y and y represent the dynamic viscosity and
specific weight of the pore water solution, respectively. This means that hydraulic
conductivity is a function of the porous medium, which in this case is CPB, and the pore
solution (Fetter 2013). Ki is a material parameter of the porous medium, while y and p
are properties of the pore water solution. The relationship between pore fluid and
intrinsic permeability is important when considering the expected hydraulic conductivity
of the CPB. The degree of saturation of the CPB must be considered because hydraulic
conductivity is governed by the degree of saturation (1 fluid vs 2 fluid system). Air acts
as a non-wetting fluid, retarding the hydraulic conductivity (unsaturated hydraulic
conductivity). Based on cement chemistry and past research, CPB filled stopes can be
assumed to remain highly saturated (near 100%) through hydration (Benzaazoua 2004).
Therefore, saturated flow conditions may be assumed. Figure 3.1 displays how

groundwater is expected to move through underground CPB structures.

Natural Water Table v

Rock

(low k)

Figure 3.1. A simplified schematic of how groundwater is expected to move through a
backfilled underground mine. Complex geology increases the complexity of flow. This
schematic represents expected flow when parent rock is unfractured, and CPB is
saturated (k: permeability).
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3.2 Research Objectives

The primary objective of this research is to characterize the temperature
dependence of the leachability of arsenic and lead from CPB, generated from gold mine
tailings. This research assumes that the CPB remains saturated through hydration and
acts as the primary conduit for ground water rebound upon mine closure. The objective
of study can be met by assessing the individual and interrelated effects of curing

temperature and binder composition on various CPB properties.

3.2.1 Influence of Hydraulic Binder on Leachability

As discussed previously, multiple hydraulic binders can be used as the binding
agent for CPB, with OPC being the most common. In this experiment samples were
cured under the same conditions with two binder compositions; OPC, and OPC/Slag
mixed at a 50% blending ratio. The objective of this portion of study was to determine if
the binder composition influences the leaching behavior of CPB specimens cured in the

temperature range of 2°C to 35°C.

3.2.2 Influence of Hydraulic Binder on Microstructure

Microstructure analysis of each sample was conducted with the objective of
understanding the relationship between microstructure and leachability. The
microstructure of the CPB can be broken into subcategories of physical and
mineralogical structure. The hydraulic binder may influence both the physical and

mineralogical structure of the backfill.

3.2.3 Influence of Microstructure of Leachability

The microstructure of cemented specimens refers to both the mineralogical
configuration and pore distribution of the structure. Both porosity and minerology can be
expected to influence the pore water characteristics, including flow rate and chemistry.
Microstructural characteristics such as the porosity and minerology can be related to the
curing temperature and binder composition of each specimen. From this information the

effect of microstructure on leachability was determined.
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Chapter 4 — Experimental Program and Design

In this experiment, natural gold tailings were formed into CPB samples using two
different binders, cured at three different temperatures. The samples were leached
using the ASTM C1308-08 leaching protocol. The effluent water was collected and
analyzed for arsenic, lead, and other major ions. Leached and unleached CBP samples
were analyzed using SEM. PXRD and MIP were used for mineral phase

characterization and pore structure analysis of unleached CPB samples.

4.1 Materials

The CPB specimens used for analysis were prepared using natural gold mine
tailings from northern Quebec. The tailings were doped with arsenic and lead using
As203 and PbS, respectively. Binders used for hydration were OPC and BFS. Tap water

was used as mixing water.

4.2.1 Tailings

The mineral composition of tailings is highly variable and dependent on the
parent material (bedrock) that the tailings are produced from, as well as the extraction
method used to separate the valuable minerals from the valueless waste (Fall et al.
2010). Natural tailings sourced from a hard rock gold mine were used for this procedure.
The natural tailings used were sourced from a CPB plant at a gold mine in northern
Quebec. The tailings were homogenized using a double spiral mixer prior to sample
preparation to achieve uniformity between samples.

Tailings were analyzed using both ICP-MS and PXRD to determine both their
chemical and mineralogical composition. Understanding the makeup of the natural
tailings was critical to ensure sufficient quantities of arsenic and lead existed in the
tailings for detectability in the leachate. The concentrations of both arsenic and lead
found were not expected to be enough for detection from leaching tests. This
background information allowed for samples to be doped with arsenic and lead in the

form of As203 and PbS, based on stochiometric conversion.
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Analysis of metals was conducted using ICP-MS, and results are tabulated in

Table 4.1. Tailings were digested by acidification by the Geochemistry Laboratory at the

University of Ottawa. Dominate metals include aluminum, calcium and iron. Four

replicate analysis were conducted, and the average value was considered. The primary

importance of this test was to understand the availability of arsenic and lead. Physical

properties of these tailings are outlined in Table 4.2.

Table 4.1. ICP analysis of natural gold tailings sourced from Northwestern Quebec

Element Average Concentration (ppm)
Al 4265
Ca 6117
Cr 149
Cu 520
Fe 39374
K 936
Mg 866
Mn 203
Na 605

Ni 8.2
Zn 1399
As 59.3
Pb 110.1

Table 4.2. Physical properties of the tailings used.

Physical properties

Material

Gs

D10 (um)

D30 (um)

Dso (um)

Dso (um)

Natural tailings

3.1

3.2

15.8

35.5

49.5

Gs: specific gravity

The mineral composition of the tailings used is primarily composed of albite,

quartz, and chlorite when broken down by weight percent. A complete breakdown of the

major minerals is seen in Table 4.3.
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Table 4.3. Mineralogical composition of the tailings used.

Mineral
o Q ) Q
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The gradation of the tailings used was distributed primarily between sand and silt

sized particles within the range of 10 — 100 um as described in Figure 4.1.
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Figure 4.1. Grain size distribution of the tailings used (laser diffraction was used to
determine the particle size).

4.2.2 Water
Tap water was used to mix binders with the tailings for hydration.
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4.2.3 Binders

Two binder compositions were used for this experiment. One series of samples
was prepared using OPC as a binder. The second set of samples was prepared using a
mixture of OPC and BFS at a blending ratio of 50%. In cemented paste backfilling
operations, OPC is the most common binder used. The use of OPC as a binder can
account for up to 75% of the total cost of the CPB (Grice 1998). To reduce the cost of
CPB operations, additives such as blast furnace slag and fly ash are implemented as a
portion of the hydraulic binder (Tarig and Yanful 2013). With an increasing number of
operations moving towards the use of additives to OPC as a hydraulic binder, it is
important to understand the temperature effects on the leachability of different binder
compositions. Experiments by Macsik and Jacobsson (1996) found that release of
constituents from monoliths bound using OPC, as well as OPC/LD slag mixes were not
consistent. Therefore, a comparison was made between the leachability of samples
cured with OPC, and an OPC/BFS mix at a blending ratio of 50% to determine the

importance of the binder with respect to temperature dependent leaching.

4.2.4 Constituents of Potential Concern

Arsenic and lead were analyzed based on the nature of gold mine tailings, and
the potentially hazardous effects of these two constituents. Arsenic (As) and lead (Pb)
have been found to be associated with ore bodies containing gold. As and Pb are found
in sulfides, such as arsenopyrite (FeAsS) and galena (PbS) that are common in gold
bearing ore deposits (Kagambega et al. 2014). Arsenic trioxide is also by-product of
gold extraction (Government of Canada 2018). This As(lll) form is regarded to be the
more toxic than other arsenic forms such as As(V) (Conner 1990). Arsenic and Lead
pose environmental concerns based on their toxicologic properties at low
concentrations. In Canada the guideline for arsenic in groundwater is 0.005 mg/L, and
the guideline for lead is variable (FCSAP 2010). In drinking water the maximum
allowable concentrations of both arsenic and lead are 0.01 mg/L (Health Canada 2012).
Concentrations of As and Pb have been found at concentrations as high as 312000
ppm and 510 ppm respectively (Drage 2015; Fashola et al. 2016).
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Laboratory analysis of the gold mine tailings acquired for this experiment resulted
in low concentrations of both arsenic and lead. Average concentrations from four
replicates were 59.3 ppm and 110.1 ppm of the solid portion, respectively. The
maximum observed field value for arsenic in gold mine tailings is 312000 ppm (Drage
2015) and lead is 510 ppm (Fashola et al. 2016). Lead and arsenic are commonly found
in gold mine tailings in the form of sulfide minerals galena and arsenopyrite
(Kagambega et al. 2014). Supplementation of arsenic and lead to the tailings was done
using arsenic trioxide and galena. Arsenopyrite was not available at a justifiable cost for
use in the quantity required for this experiment. As203 was selected as a supplemental
arsenic source for several reasons. The first reason being the low cost compared to
other arsenic sources. This choice was also justified by the conclusion that As(lll) is
often found in tailings produced through gold, cobalt, and lead extraction. Furthermore
As(IIl) more known to be toxic than As(V), and As20s is more soluble than other natural
arsenic compounds (Conner 1990; National Academy of Sciences 1977). Arsenic was
supplemented to achieve a solids concentration of 50000 ppm, while the lead was

supplemented to achieve a concentration of 500 ppm.

4.3 Mixing Ratios and Sample Preparation

The paste backfill used was composed of tailings, supplemental constituents of
potential concern, hydraulic binders, and water. Prior to mixing the residual water
content of the tailings was determined by drying 20 g of the tailings in an oven at 40°C
for four days. The high content of sulfidic materials in the tailings makes drying at a
temperature greater than 40°C potentially dangerous due to the risk of fire and release
of noxious gas. The tailings were weighed after drying and the change in mass
corresponds to the wt% of water that is residual in the tailings. This residual water
content was considered when determining the additional water needed to achieve the
desired water to cement ratio. The tailings, constituents of potential concern, hydraulic
binder, and water were homogenized in a double spiral mixer on level 6, for 7 minutes.
This mixing protocol follows the protocol used by Fall and Samb (2009). The water-to-
cement ratio (w/c) used was 6. The w/c ratio of 6 was chosen based on the consistency
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of the mix in preliminary mix tests. The CBP samples were prepared using a constant
binder proportion of 4.5 wt%.

As and Pb were added to the tailings slurry to ensure quantities high enough for
detection in produced leachate, but still within the concentration range found in the field.
The concentrations used are 50000 ppm As, and 500 ppm Pb. These concentrations
correspond to 5% and 0.05% solids, respectively. Arsenic was supplemented as
arsenic(iii) oxide (As203) and lead was supplemented as galena (PbS).

Samples were prepared using cylindrical molds with a 5 cm diameter and 10 cm
height. Homogenized samples were poured into curing moulds, deaired by vibration,

sealed, and placed into temperature-controlled chambers for 90 days.

4.4 Curing Temperature

Samples were cured in temperature-controlled chambers to simulate thermal
conditions to which CPB structures can be subjected at mine sites. Three curing
temperatures were adopted. Samples were cured at 2°C, 20°C, and 35°C. This
temperature range was designed to simulate temperature variations in curing CPB
structures based on self-heating through exothermic reactions during the hydration

process, as well as temperature variation based on geographic location.

4.5 Curing Time

The goal of this experiment was to determine the leachability of mature CPB
structures. For CBP samples to be considered mature they must cure for a period of (at
least) 90 days prior to leaching. Past experiments conducted by (Benzaazoua et al.
2004; Aldhafeeri et al. 2016; Cui and Fall 2016) support that after 90 days the CPB
structure shows negligible change. All CPB specimens studied in this experiment were

cured for a 90-day period.

4.6 Leaching Test

ASTM C1308-08 was the leaching test chosen for this study because it is a
standard test method designed to simulate accelerated leaching of monolithic materials.
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A more detailed description of this leaching test is supplied in Appendix A. A standard
test method was desired to ensure the leaching procedure consistency between
samples. Samples were cut to 5.0 cm height by removing 2.5 cm from each end of the
cylinder. The surface area and volume of the samples used in the ASTM C1308-08 test
were 117.8 cm? and 98.2 cm?, respectively. In this test the samples are suspended from
the top of a container using monofilament for a duration of 11 days. The leachate was
exchanged at 2, 5, 17, and 24 hours, then daily for the remainder of the protocol. This
resulted in 14 leachate collections per sample. Each leachate collection was analyzed

independently such that both incremental and total mass leached could be determined.

4.6.1 Leachant

The leachant used in the ASTM C1308-08 test was distilled water. Distilled water
was chosen to reduce uncertainty in leachate analysis. The absence of ions in distilled
water reduces the opportunity for error in analysis. 900 ml of leachant was used for
each leaching interval, this resulted in a surface area to leachant volume ratio of 0.13

cm™.

4.6.2 Contaminate Analysis

The concentrations of the constituents of potential concern (As & Pb) were
determined using ICP at the University of Ottawa Geochemistry Laboratory. Information
from the ICP results provide the concentration of constituent for each leaching interval
for the ASTM C1308-08 test. Results are displayed in the terms of mass of constituent

leached at each extraction interval.

4.7 Microstructural Analysis

The microstructure of the monolithic samples was analyzed using SEM, PXRD,
and MIP. The differences in the microstructure give insight to the processes that govern
the leaching of CPB structures cured at different temperatures. MIP was used to
determine the total porosity of the samples, as well as the pore size distribution. SEM
allowed for the visual analysis of the pore structure before and after leaching, allowing
for the change in the pores of each sample due to leaching to be observed.
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Understanding the change in pore structure with respect to leaching will help to
determine why contaminants leach differently at different curing temperatures. PXRD
was used for phase characterization of each specimen. Understanding the presence of
crystalline phases developed at different curing temperatures will help to understand

why CPB structures may leach differently based on their curing temperature.

4.7.1 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) is an effective technique used to determine
the total porosity and pore size distribution of geomaterials. The sample of interest is
placed in a glass bulb connected to a finite tube containing mercury. Mercury is injected
into the sample in a series of incrementally increased pressure steps. Results are then
expressed as either total mercury volume intruded in the sample, or by incremental
volume intruded at each pressure step (Ouellet et al. 2007). Winslow and Diamond
(1970) describe the pore diameter that corresponds to the highest rate of mercury
intrusion into the sample as the “threshold diameter”. This diameter is commonly
understood to be the smallest diameter of pores with geometric continuity throughout
the sample. In other words, the largest pore diameter at which appreciable amounts of
intrusion occur. Above the threshold diameter only large capillary pores are intruded
(Aligizaki 2006).

Samples from each curing temperature and binder condition were sent to Porous
Materials Inc. laboratory for MIP analysis. Prior to submission samples were reduced in
size to a diameter of approximately 3 cm and dried for 4 days at 45°C. MIP was used to
characterize the pore size distribution and pore volume of each CPB sample. MIP tests
were conducted on the samples by using a PMI Mercury/Nonmercury Porosimeter.
Pressure was increased from 0 to approximately 30000 PSIA over 110 increments.
Results were given in terms of total intrusion volume, total surface area, median and
average pore diameter (based on surface area and volume), and logarithmic differential
intrusion.

Critical pore diameter (dc) is given as the maximum value of the logarithmic
differential pore volume curve which is equivalent to the steepest slope on the

cumulative intrusion curve. The critical pore diameter is generally assumed to be the
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most frequently occurring pore diameter occurring in continuous pores (Aligizaki 2006).
The threshold pore (di) diameter was interpreted by approximating the inflection point

on the cumulative intrusion curve using judgment from Aligizaki (2006).

4.7.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is an effective technique for characterizing
microstructural properties of porous materials. SEM has been used by many
researchers in the fields of CPB and cement stabilized materials (e.g., Aldhafeeri and
Fall 2016; Benzaazoua et al. 2006; Cocke et al. 1991; Fall and Samb 2009; Ouellet
2005). SEM is commonly combined with energy dispersive spectrometry (EDS) to
provide characterization of hydrated phases (Benzaazoua et al. 2006)

Scanning electron microscopy was conducted by the Materials Laboratory at the
University of Ottawa to characterize the surface topography of each sample. Samples
were reduced in size to approximately 1.5 cm in diameter, and to a thickness of
approximately 3 mm. Sized samples were dried in an oven at 40°C for 4 days. After
drying it was determined that sample faces could not be polished due to their delicate
nature. Samples were analyzed raw which allowed for SEM to be conducted however,
the ability to perform reproducible EDS results was compromised, due to scatter
disturbance from the unaltered porous face of the specimen.

SEM images were used for visual comparative analysis between samples.
Observations were justified by comparing to MIP, PXRD, and past literature. The
images with the most suitable comparative properties were taken at 500X magnification

using Zeiss instruments.

4.7.3 Powder X-Ray Diffraction

Powder X-Ray diffraction (PXRD) is mineral phase characterization technique
commonly used by researchers in the field of CPB and other cement stabilized
materials (e.g., Fall et al. 2010; Wu et al. 2015; Pokharel and Fall 2013). In this process
powdered samples are placed on slides and subjected to beams of Cu Ka radiation
through a range of contact angles. Crystals diffract the beams in unique diffraction
patterns based on their planes. The intensity of diffraction at through a specified range
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is given and can be plotted in the form of a diffractogram. The diffractogram is then
used in software assisted phase characterization.

PXRD conducted by the University of Ottawa X-Ray Core Laboratory was used
to characterize the mineralogical makeup of the CPB structures prior to leaching. The
goal was to determine if different curing temperatures and binder compositions result in
formation of phases that are resistant to leaching. Samples were cut to approximately 4
cm?® and dried for 4-days at 40°C. After drying the samples were ground to a powder
using a mortar and pestle.

Samples were analyzed using Rigaku software. Software assisted results were
compared to previous CPB PXRD results from Pokharel (2008) for validation of

software assisted uncertainties.

4.8 Rate of Mass Removal
The 11-day leaching protocol had 14 prescribed leachant renewals. At the time of
renewal, the entire leachant volume was exchanged and the leachant from the previous
time interval was collected as leachate. The arsenic concentration was determined at
each exchange. The rate of mass removal for each submerged duration was then
calculated using the formula:
Rd; = &
t;
where:
Rdi = Mass removal rate per incremental leaching step (assumed diffusion based)
mi = Mass removed per leaching step, (mg)

ti = Submerged duration per leaching step, (hours)

The mass removal rate was then plotted using Method A (first order assumption)
and Method B (modified from Kundu and Gupta 2007). Method A plots log(Rd) as
ordinates and log(t) as abscissa, both using arithmetic scale. A linear fit is used to
validate the assumption that leaching is governed by first order kinetics (diffusion
based). A strong linear fit indicates that diffusion is the dominate leaching mechanism

based on the first order assumption. Method B employs a similar method where
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cumulative mass leached is plotted as ordinates and square root of leaching time is
plotted as abscissa, both on the arithmetic scale. Again, a strong linear fit validates the
assumption that leaching is diffusion based.

The Method A (Log, Log) graphs can be interpreted as follows. The intercept is
representative of the initial leach rate (initial available quantity). In other words, a higher
intercept suggests the presence of soluble salts on the pore surface. These pore linings
leach readily resulting in a high initial leach rate. The slope is representative of rate
change in diffusion as a function of time. Thus, a steeper negative slope represents a
more rapid decrease in constituent available to leach. Since all specimens contain the
same initial constituent concentration, slower diffusion (flatter negative slope) means
higher quantity of constituent remaining to be leached at a given time. However, in this
case diffusion occurs more slowly, and depending on the remaining phase(s) diffusion

may become negligible.
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Chapter 5 — Results and Discussions

5.1 Initial Observations

The measured arsenic concentrations in the leachates of the CPB samples with
different binder types and cured at different temperatures are shown in Figure 5.1. The
results clearly display that leaching of arsenic from CPB is temperature dependent.
Moreover, the temperature dependent leaching behavior of the CPB differed based on
the cement binder composition. The significant change in leachate concentration
between each leaching interval for the initial 2-days of leaching is due to the leachate
exchanges at variable submerged durations over this period of the protocol.
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Figure 5.1. Arsenic concentrations from all test specimens observed through ICP
analysis at leachate collection intervals.

These results clearly show that between the two binders tested (OPC and
OPC/Slag), OPC performed better at all curing temperatures compared to the blended
binder. This suggests that binder composition plays a strong role in the leachability of
contaminates from mature CPB. This observation is further demonstrated when

comparing the cumulative mass leached from each specimen in Figure 5.2. This figure
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shows that a considerably greater amount of mass was leached from the CPBs cured
with an OPC/Slag binder, while temperature also played a role in the mass leached

between specimens cured using the same binder composition.
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Figure 5.2. (a) Cumulative mass of arsenic leached from all test specimens (b)
Cumulative leachate concentration.
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Similar results were found with lead as the constituent of potential concern
(Figure 5.3), however the concentrations of lead in the leachate were much lower due to
a significantly lower initial lead concentration in each specimen. The lower solubility of
galena compared to arsenic trioxide also played a role in the reduced lead
concentration found in the leachate. Figure 5.3 displays that leaching of lead is
temperature dependent, especially with specimens cured with the blended binder at low
temperatures. Due to low concentrations of lead in the leachate, as a product of low
concentrations in the CPB and low galena solubility, the leachability of arsenic is the
dominant focus of the leaching test results to restrict the influence of uncertainties on

the analysis and interpretation of the results.
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Figure 5.3. (a) Cumulative mass of lead leached from all test specimens (b) Cumulative
leachate concentration.
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5.2 Leachability of CPB that Contains OPC

CPB made with OPC (OPC-CPB) outperformed the CPB that contains OPC and Slag
(OPC/Slag-CPB) at all tested curing temperatures with respect to arsenic leachability. It
was observed that as curing temperature increased from 2°C to 35°C the performance

of the OPC binder for arsenic immobilization decreased (Figure 5.4).
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Figure 5.4. Cumulative mass of arsenic leached from OPC-CPB.

5.2.1 OPC-CPB at 2°C

The OPC-CPB cured at 2°C yielded the most favourable results for leaching of
arsenic with a cumulative mass leached of 808.8 mg leached over the eleven-day
leaching protocol. The cumulative mass of arsenic leached from this sample is
approximately 4% lower than that of the sample cured at 20°C and approximately 25%
less than the 35°C specimen. The cumulative mass leached from the 2°C OPC-CPB
sample is highlighted in Figure 5.5. Over the initial two days of leaching, the rate of
diffusion is highest with an initial value of 29.1 mg/h over the initial two hour submerged
duration. After two days of leaching the rate of diffusion begins to decrease substantially
and continues to decrease throughout the leaching test until the slope of the curve is
near zero. This flattening slope means that the rate of diffusion is becoming close to
constant. This is included in Figure 5.5. This plateau in the diffusion rate suggests a
near constant diffusion rate from around two days of being submerged to the end of the

test.
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Figure 5.5. Mass removal and removal rate curves for the 2°C OPC-CPB (Rd: rate of
mass removal).

5.2.2 OPC-CPB at 20°C

The results displayed that OPC-CBP cured at 20°C behaved very similarly to
OPC-CPB cured at 2°C with respect to arsenic leachability. The sample cured at 20°C
maintained a very similar leaching profile to the 2°C OPC-CPB with slightly higher
leachate concentrations through the duration of the test. The cumulative mass leached
from this specimen was 841.3 mg over the eleven-day test duration. Figure 5.6 displays
that there is very little difference in the leaching profile between the 2°C and 20°C OPC
CPBs. This suggests than the curing process at these two temperatures is very
similar. This similar leaching profile also resulted in a similar dissipation in the rate of
diffusion at around two days of being submerged. The initial rate of diffusion is higher
for the 20°C OPC-CPB at 31.98 mg/h compared to 29.07 mg/h of the 2°C OPC-CPB
over the initial two hours of soaking, however at the two-day interval, the diffusion
profiles become very analogous. The slope of the rate of diffusion curve becomes close
to zero around six days soaking as seen in Figure 5.6, meaning that at this point, the

mass removal rate becomes near constant.
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Figure 5.6. Comparison between the cumulative mass leaching profiles from OPC-
CPBs cured at 2°C and 20°C with the rate of mass removal curve (Rd: rate of mass
removal).

5.2.3 OPC-CPB at 35°C

Of the OPC-CPB samples the 35°C specimen showed the highest cumulative
mass leached with 1058.5 mg over the 11-day test duration. This is substantially greater
than both the 2°C and 20°C OPC-CPBs. The initial rate of diffusion is much higher than
the other samples at 31.91 mg/h over the first two hours submerged. The rate of mass
removal dissipation rate is least with the 35°C OPC-CPB, as the slope flattens at the
three-day leaching interval. The flattening beyond this interval is more gradual and does
not approach zero until the 9-day interval where the diffusion rate becomes near

constant (Figure 5.7).
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Figure 5.7. Mass removal and removal rate curves for OPC-CPB cured at 35°C (Rd:
rate of mass removal).

5.2.4 Comparison and Discussion of OPC as a Binder

Differences in the leaching profiles of the OPC-CPBs cured at 2°C, 20°C, and
35°C can be described by differences in the microstructure and formation/development
of hydration products during the curing process. These differences were observed
through analysis of samples from this experiment using SEM, MIP, and PXRD with the

support of literature from past research in the field of cement stabilized materials.

5.2.4.1 Comparison of OPC Samples Using Microstructural Analysis

SEM images allow for qualitative comparison which is further supported through
quantitative data from MIP, and PXRD. SEM was utilized to visually compare the
porosity and formation of hydration products with respect to specimens cured at three
temperatures. Figures 5.8 through 5.13 were used to compare the microstructural
properties of unleached OPC samples cured at various temperatures (2°C, 20°C and
35°C).
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Figure 5.9. SEM image of OPC-CPB cured at 20°C (500X magnification)
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The SEM images (Figures 5.8 through 5.10) provide a basis for visual
differentiation of microstructural characteristics between OPC-CPBs. Following are the
trends noticed in these samples as curing temperature increases: hydration product
formation increases; increased hydration product formation suggests increased pore
surface area. These observations are in agreement with those made by Fall et al.
(2010) who state that increased curing temperature results in accelerated hydration and
increased formation of hydration products.

The increase in pore surface observation is analogous to the MIP data. The pore
surface is approximately the same for the 2°C and 20°C OPC-CPBs. With the 20°C
being 0.18 m?/g less that the 2°C OPC-CPB. However, the total surface area of the
35°C OPC-CPB is 3.14 m?/g greater than that of the 2°C OPC-CPB. Table 5.1

describes the porosity characteristics from each OPC-CPB.

Table 5.1. Porosity characteristics of OPC-CPBs

OPC 2°C OPC 20°C OPC 35°C
TOTAL INTRUSION VOLUME (cc/g) 0.2814 0.2982 0.3237
TOTAL SURFACE AREA (m?%/g) 4.4201 4.2403 7.5568
VOLUME BASED MEDIAN PORE 4.7937 4.1292 3.1592
DIAMETER (pum)
SURFACE AREA BASED MEDIAN 0.0175 0.0202 0.0141
PORE DIAMETER (pm)
AVERAGE PORE DIAMETER (pum) 0.2547 0.2813 0.1714
CRITICAL PORE DIAMETER (um) 7.46 5.25 7.60
THRESHOLD PORE DIAMETER (pm) 11 9 11

OPC-CPBs cured at 2°C and 20°C have similar pore characteristics in terms of
total intrusion porosity and total surface area. This coincides with their similar leaching
profiles. The 35°C OPC-CPB has a substantially increased pore volume, and pore
surface area while the median and average pore diameter is decreased. The cumulative
curves for the 2°C and 35°C OPC-CPBs are quite different, however the pore
parameters, threshold and critical pore diameter, are very similar. These parameters
significantly influence fluid transport in porous media (Garboczi 1989; Ma 2013). The
threshold pore diameter diameters for the 2°C and 35°C both occur at the inflection
point on the curve at the 11-micron diameter. Although this inflection point occurs at

approximately the same pore diameter, the percent of intruded volume is much
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different. The 2°C OPC-CPB sees a threshold diameter at near 7% of the total intrusion
porosity, while the 35°C OPC-CPB has a threshold diameter reflecting to about 17% of
the total intrusion volume. These CPBs exhibit the greatest difference in cumulative
arsenic leached.

PXRD was conducted on all OPC-CPBs. The major component of the natural
tailings used (SiO2), unhydrated cement components and hydration products ettringite
(Et), Gypsum (Gpm), portlandite (CH), calcite or lime (CaCO3s), anhydrite (CaSQOa4), and
C-S-H were detected. Figures 5.14 through 5.16 display the mineral phase
characterization of each OPC-CPB. The SiO2 can be considered constant in each CPB
since the same mix proportioning was used and SiO: is relatively inert. Using the SiO2
as a reference peak, the relative quantities of hydration products can be determined,
specifically in the low angle range (5 — 30 degrees 2-theta — Cu Ka Radiation). It is
notable that the relative quantities of hydration products increase as the curing
temperature increases through the 2°C to 35°C range. The differences in relative
hydration product quantities between the 2°C and 20°C (Figures 5.14 and 5.15) are less
obvious than the 35°C OPC-CPB (Figure 5.16) where there is certainly increased
ettringite, gypsum and CH detected in the low angle range. The increased quantities of
hydration products support visual SEM image observations.
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Figure 5.14. PXRD diffractogram of 2°C OPC-CPB.
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Figure 5.15. PXRD diffractogram of 20°C OPC-CPB.
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5.2.4.2 OPC-CPB Leachate pH Observations

The pH of the bulk leachate was measured at each leachate exchange. This pH
is likely not equal to the pH of the porewater due to concentration gradients, however it
should approximately represent the pH of the pore solution. Figure 5.17 displays the pH
of the leachate for the 2°C, 20°C, and 35°C OPC-CPBs.
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Figure 5.17. Leachate pH of OPC-CPBs.

The pH of the 2°C OPC-CPB leachate is in the range of 6.4 to 8.3. Most of the
measurements for the 2°C OPC-CPB leachate were between pH 7 and 8. The 20°C
OPC-CPB leachate had a pH range of 6.1 to 7.3. Most of the measurements for the
20°C OPC-CPB leachate were between 6.5 and 7.5. Finally, the 35°C OPC-CPB
leachate had pH in the range of 5.6 to 7.1. During the period where the slope of the
cumulative mass curves is greatest (0 — 72 hours) the pH range for the 2°C, 20°C, and
35°C leachates were 7.3 t0 8.3, 6.1 to 7.4, and 5.6 to 6.7 respectively.

5.2.4.3 Discussion and support from past research

Notable trends and observed differences in microstructure can be explained by
past research from the field of CPB and other cement stabilized materials. The
formation of hydration products, specifically the calcium-silicate-hydrate (C-S-H) and
portlandite (CH) phases responsible for strength gain in CPB cured using Portland

cement, are temperature dependent. Elevated curing temperatures result in increased
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early age unconfined compressive strength (UCS) of CPB due to increased production
of C-S-H and CH (Fall et al. 2010). The rapid hydration of CPB samples cured at
elevated temperatures has a profound influence on the pore structure of CPB at all
curing ages. Unlike many concretes and cement stabilized materials, CPB cured with
OPC as the sole binder shows a reduction in porosity as curing temperature increases
at advanced curing times. CPB cured with OPC at high temperature can show a
decrease in strength at advanced curing time. This temperature induced strength
decrease can be explained by the crossover effect. In a CPB system the crossover
effect may not be evident until the age of the monolith reaches 150 days (Fall et al.
2010). However, the curing time at which the crossover effect may take place in CPB
depends on many other parameters, such as the chemical composition of the cement,
the w/c ratio and chemistry of the pore water of CPB (Fall et al. 2010). This may explain
the notably wide distribution of pores between 0.8 and 20 microns for the 35°C OPC-
CPB. The pore distribution and cumulative curves for the 35°C OPC-CPB are obviously
different than the 2°C and 20°C OPC-CPBs at this stage of curing. This may give
reason for the similarities in both threshold and critical pore diameter between the 2°C
and 35°C samples despite very different pore characteristics and leaching profiles. This
suggests that the 35°C OPC-CPB may not be mature enough to determine a
representative mature age porosity if the crossover effect has yet to occur. Garboczi
(1989) states that the pores can only significantly contribute to flow if they are relatively
large in diameter, and continuous across the media. Based on this theory, the most
appreciable amount of flow through the media occurs where d > dw. Since permeability
of cement-stabilized materials is influenced by di the effective diffusion coefficient (De)
may also be related to din (Garboczi 1989). This relationship suggests that the
increased percent of cumulative pore volume greater than din may result in greater De.
This may explain the difference in cumulative mass leached between each OPC-CPB.
The pore volume greater than dw for the 2°C, 20°C, and 35°C samples are 0.021 cc/g,
0.036 cc/g, and 0.055 cc/g respectively. This may provide explanation for the increased
cumulative mass leached from the 35°C OPC-CPB compared to the 2°C, and 20°C
OPC-CPBs. The higher percent of cumulative pore volume greater than dw is, the easier

it is for the leachant to reach the reaction site; therefore, more of the arsenic can be
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leached out. Moreover, the size of the available surface area (reaction site) is an
additional mechanism or factor that contributes to the increase in cumulative mass
leached from the 35°C OPC-CPB compared to the 2°C, and 20°C OPC-CPBs. It is well
established that the rate of leaching of contaminant (metal) from a porous waste
material stabilized with cement or binder is significantly affected by the amount of
available surface area (e.g., Bishop et al 1992). Leaching is a mechanism in which the
contaminants in the solid phase are transported to the liquid phase in contact with it.
Consequently, the area of the interface between the solid phase and the liquid in the
pores of the cemented waste material is vital. The bigger the available surface area is,
more of the contaminant can be leached out. This argument is consistent with the
results of MIP tests presented in Table 5.1 and discussed above. From Table 5.2, it can
be observed that the total surface area of the 35°C OPC-CPB (7.6 m?/g) is considerably
bigger than that of the 20°C OPC-CPB (4.2 m?/g) and 2°C OPC-CPB (4.4 m?/g).

Not only can the formation of C-S-H contribute to the strength and pore structure
of a cement monolith, but it can provide hydroxyl anions to bind with trace metals
resulting in chemical stabilization within the monolith (Hamberg 2018). The phase
formation does influence the leachability of arsenic from cement stabilized materials.
Kundu and Gupta (2008) found that curing of cement and other pozzolanic materials
results in multiple arsenic bearing phases. The solubility of these phases varies.
Common phases found include: Calcium arsenite (Ca-As-O), Calcium arsenates
(CaAs206, CazAs207, Ca0-As205), Calcium hydrogen arsenate hydrates (CasHz(AsOa4)4
- 9H20, CaHAsO4 2H20, CasH2(AsOas)s 5H20), Calcium hydroxide arsenate hydrate
(CaAsO3(OH)- 2H20), and Calcium hydrogen arsenates (CaHAsOs4, CaHi(AsOa4)2,
Ca(H2As0a4)2). These arsenic bearing phases are likely doped to the both identified and
unidentified peaks observed on the PXRD diffractograms. The Rigaku software was
unable to detect any arsenic doped phases, possibly due to low relative arsenic
quantities within each CPB and high amounts of noise, especially at higher diffraction
angles.

Based on solubility of these arsenic bearing phases, CaHAsO4 and CaHAsOgs-
2H20 are expected contributors of arsenic leached from a cement stabilized matrix

(Kundu and Gupta 2008). The phase of arsenic used to dope the samples, As20s3, is
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also highly soluble and if not dissociated by hydration waters, may remain in the matrix
as an arsenic bearing phase available to contribute leachable arsenic. As(lll) has been
found to sorb to C-S-H. This sorption capacity of C-S-H is reduced by the increases in
the Ca/Si ratio (Stronarch et al. 1997; Walker 1993). Stronarch et al. (1997) performed
experiments based specifically around the reactions of As203 in cement. The resulting
dominant arsenic phases from reactions between As203 and cement detected by PXRD
were As203 + Ca(AsOz2)2, CaAsO20H + Ca(OH)2 and Ca(AsOz2)2 + CaAsO20H. Findings
suggested that Portland cement stabilized materials can provide effective immobilization
capacity for As(lll). This is explained by the availability of both Ca(OH)2 and C-S-H to
react with As(lll) resulting in immobilization. This agrees with Kundu and Gupta (2008),
where arsenic was found to produce insoluble compounds within cements and other
pozzolanic materials through reactions with Ca(OH)2. Coussy et al. 2011 found that
arsenic may substitute in ettringite to form stable calcium arsenate. Although
researchers (Fall et al. 2010) have found lower quantities of ettringite in CPBs cured at
low (2°C) temperatures, ettringite is known to destabilize at high curing temperatures
(Escadeillas et al, 2007). These past findings suggest the lower curing temperatures
may result in formation of a more stable arsenic bearing phase within the paste.

Arsenic mobility has been described as pH dependent (Halim 2004). In leaching
test performed by Halim (2004), arsenic was found to be least mobile in the pH 7-8
range. This result shows strong correspondence with the pH of the OPC-CPB leachate.
The 2°C and 20°C OPC-CPB leachate had pH values within the range where arsenic is
most stable, while the 35°C OPC-CPB leachate pH reading was outside the range
towards more acidic conditions. The notable increase in hydration products as
temperature increases suggests that the pore structure, pH, and possible variations in
arsenic bearing phases that were undetected by PXRD analysis, play the greatest role

in the temperature dependent leachability of arsenic from OPC-CPBs.

5.2.4.4 Discussion of the Leaching Mechanism

Diffusion stands out as the dominant leaching mechanism of arsenic at all tested
curing temperatures. When plotting both Log (Rd) as a function of Log (t), and
cumulative mass leached as a function of the square root of leach time, the trend
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produced is linear with an R? values ranging from 0.98-0.99. The linear nature of these
graphs (Figures 5.18 — 5.20) provides evidence that the leaching mechanism is certainly
diffusion. This is supported by Kundu and Gupta (2008) who also found a linear
relationship between cumulative fraction leached and the square root of leaching time

regarding arsenic leach rates from cement stabilized materials.
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Figure 5.18. (a) Plot of Log rate of mass removal as a function Log time for the OPC-
CPB cured at 2°C (Rd: rate of mass removal). (b) Plot of cumulative mass leached as a
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function the square root of leaching time for the OPC-CPB cured at 2°C (CML:
cumulative mass leached).

(a)

1.60

1.40

1.20 y =-0.5949x + 1.6382

R?=0.9981
1.00

0.80

Log(Rd)

0.60

0.40

0.20

0.00

0.00 0.50 1.00 1.50 2.00 2.50
Log(t)

(b)

900.00

800.00
y =53.134x - 12.805

700.00 R?=0.9996

600.00

500.00

400.00

CML (mg)

300.00

200.00

100.00
0.00
0 3 6 9 12 15 18

Leach Time®> (hours)

Figure 5.19. (a) Plot of Log diffusion rate as a function Log time for the OPC-CPB cured
at 20°C (Rd: rate of mass removal). (b) Plot of cumulative fraction leached as a function
the square root of leaching time for the OPC-CPB cured at 2°C (CML: cumulative mass
leached).
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Figure 5.20. (a) Plot of Log mass removal rate as a function Log time for the OPC-CPB
cured at 35°C (Rd = rate of mass removal). (b) Plot of cumulative fraction leached as a
function the square root of leaching time for the OPC-CPB cured at 35°C (CML:
cumulative mass leached).

These plots suggest that the leaching mechanism is independent of curing

temperature. This means that diffusion dominates as the leaching mechanism through
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the studied temperature range. However, temperature does control the availability for
arsenic to leach. There is a significant difference between the leaching of arsenic within
the experimental temperature range, suggesting that although the mechanism is the
same, temperature does control availability through speciation and porosity
characterization. Through the range of curing temperatures studied diffusion can be
considered the dominant mechanism for mass removal. Due to this observation, the
change in cumulative mass leached must be attributed to the way in which arsenic is
held by the matrix. The 35°C OPC-CPB does have the highest pore surface area
suggesting more opportunity for diffusion. Contrarily the 2°C OPC-CPB has a slightly
greater pore surface area compared to the 20°C OPC-CPB, yet it leached marginally

less arsenic.

5.3 Leachability of CPB Cured Using OPC/Slag at a 50% Blending
Ratio
Samples cured with 4.5 wt% binder composed of a 50% blending ratio of OPC

and BFS did not match the performance of the OPC binder. Cumulative mass leached
from all three curing temperatures exceeded the cumulative mass leached from the
OPC-CPBs by substantial margins. It was found that curing temperature had the
opposite effect on the OPC/Slag-CPBs compared to OPC-CPBs. Increased curing
temperature yielded lower arsenic mass removal over the duration of the leaching test.
Figure 5.21 displays the leaching profiles of the blended binder samples. The 2°C and
20°C OPC/Slag-CPBs follow a similar leaching profile throughout the test, however the

35°C OPC/Slag-CPB follows a different mass removal curve.
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Figure 5.21. Cumulative mass leaching profiles of OPC/Slag-CPBs cured at 2°C, 20°C,
and 35°C.

5.3.1 OPC/Slag-CPB cured at 2°C

The obtained results displayed that the OPC/Slag-CPB cured at 2°C allowed the
greatest cumulative mass of arsenic to be leached with a value of 2906.2 mg (Figure
5.21). This was 2097.4 mg more than the cumulative arsenic mass leached from the
OPC-CPB cured at the same temperature. The mass removal rate of 71.74 mg/h over
the first two hours of being submerged was intermediate to the 20°C and 35°C
OPC/Slag-CPBs. The rate of mass removal plateaued and became nearly constant at
approximately 120-hours of submerged leaching time. The profile of the rate of diffusion

throughout the leaching protocol is displayed in Figure 5.22.
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Figure 5.22. Mass removal and removal rate curves for the 2°C OPC/Slag-CPB (Rd:
rate of mass removal).

5.3.2 OPC/Slag-CPB at 20°C

The 20°C OPC/Slag-CPB sample followed a similar mass removal profile to the
20°C OPC-Slag CPB. However, both the initial rate of mass removal over the first two
hours of leaching and cumulative mass leached were lower with values of 70.26 mg/h

and 2401.09 mg respectively (Figure 5.23).
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Figure 5. 23. Mass removal and removal rate curves for the 20°C OPC/Slag-CPB (Rd:
rate of mass removal).
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The rate of diffusion becomes near stable at approximately 192 hours of

submerged duration and follows a curve of similar shape to the 2°C OPC/Slag-CPB.

5.3.3 OPC/Slag-CPB cured at 35°C

Of the three curing temperatures tested, 35°C provided the best results for
samples OPC/Slag-CPB. Although the 35°C specimen had the highest mass removal
rate over the initial two hours of leaching (143.23 mg/h) it resulted in the lowest
cumulative mass of arsenic leached of the samples cured using the blended binder;
2128.23 mg (Figure 5.24).

The shape of the mass removal profile is different for the 35°C sample compared
to that of the other two samples cured using the OPC/Slag binder. Mass transfer is rapid
in the initial 24 hours of leaching but drops quite low and becomes near constant at
approximately 96 hours of leaching (Figure 5.24). Between two and four days the
cumulative mass leached from the 35°C OPC/Slag-CPB drops below that of the 2°C
OPC/Slag-CPB. The cumulative mass of arsenic leached from the 35°C OPC/Slag-CPB
then drops below the cumulative mass of arsenic leached form the 20°C OPC/Slag-CPB

between five and 6 days of leaching (Figure 5.21).
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Figure 5.24. Mass removal and removal rate curves for the 35°C OPC/Slag-CPB (Rd:
rate of mass removal).
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5.3.4 Comparison and Discussion of OPC/Slag at a 50% Blending Ratio as a

Binder

Using the same comparison techniques as the OPC-CPBs, SEM, PXRD, and
MIP were used to compare the microstructure of the OPC/Slag-CPBs, providing
explanation for the observed results from ASTM C1308-08.

5.3.4.1 Comparison of OPC/Slag-CPBs Using Microstructural Analysis

SEM images (Figure 5.25 through 5.27) of the OPC/Slag blended samples
suggest little change in the microstructure with curing temperature. Differentiation
between microstructural properties cannot be visually assessed with confidence.
Tabulated values (Table 5.2) from MIP, suggest that curing temperature influences the
pore structure of CPBs cured with an OPC/Slag blend. When looking at the pore size
distribution in Figure 5.28, the results indicate that as curing temperature increases so
does the critical pore diameter for the 2°C and 20°C OPC/Slag-CPBs. The critical pore
diameter for the 35°C OPC/Slag-CPB is the lowest of the CPBs analyzed in for both
OPC and OPC/Slag binders. These results suggest that the characteristics of the
stability of the hydration products formed using the blended binder pose a considerable
influence on leachability, along with the porosity characteristics. The threshold pore

diameters increase as temperature increases (Figure 5.30).

Table 5.2. Porosity characteristics of OPC/Slag-CPBs cured between 2°C and 35°C.

OPC/SLAG 2°C OPC/SLAG 20°C OPC/SLAG 35°C
TOTAL INTRUSION VOLUME (cc/g) 0.2899 0.2799 0.2711
TOTAL SURFACE AREA (m?%/g) 3.5966 3.4273 4.0629
VOLUME BASED MEDIAN PORE 2.451 3.0022 2.0607
DIAMETER (um)
SURFACE AREA BASED MEDIAN 0.0274 0.0205 0.0312
PORE DIAMETER (pm)
AVERAGE PORE DIAMETER (pum) 0.3224 0.3266 0.2669
CRITICAL PORE DIAMETER (pum) 3.55 4.53 2.0
THRESHOLD PORE DIAMETER (pm) 4.8 6.1 11
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Figure 5.26. SEM image of OPC/Slag-CPB cured at 20°C (500X magnification)
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Figure 5.27. SEM image of OPC/Slag-CPB cured at 35°C (500X magnification)
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The threshold pore diameter is the parameter with the greatest influence on fluid
transport, and diffusion in a CPB system, as discussed in previous sections. The
threshold pore diameters for the 2°C, 20°C, and 35°C OPC/Slag CPBs were 4.8 um, 6.1
pum, and 11 pym respectively (Figure 5.30). 6.1 percent of the pore volume within the 2°C
OPC/Slag-CPB was greater than dw, which corresponds to 0.018 cc/g. The 20°C
OPC/Slag-CPB had a 4.6 percent of the pore volume greater then di, which resulted in
0.013 cc/g of pores conductive to fluid transport. 5.7 percent of the pore space in the
35°C OPC/Slag-CBP was greater than dt, which is equal to 0.015 cc/g. This means that
there is a decrease in connective pores as curing temperature increases. The combined
influence of din and the volume of pores greater then di likely influence the diffusion of
arsenic due to an increased D, as described by Garboczi (1989). These results are
congruent with the observed cumulative mass leached (Figure 5.21). As threshold
diameter decreases, the cumulative mass of arsenic leached increases. This agrees
with Garboczi (1989) that threshold diameter is of more interest with respect to
diffusion-based leaching compared to other porosity measurements, such as total pore

volume or critical pore diameter.



Figure 5.28. MIP data highlighting pore size distribution of OPC/Slag-samples.
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Figure 5.30. Cumulative porosity curve for OPC/Slag-CPBs with triangle markers
indicating the inflection point representative of threshold pore diameter.

PXRD was conducted on OPC/Slag-CPBs as displayed in Figures 5.31 through
5.33. The results show that there were differences in phase formation at all three curing
temperatures. This can be seen at low angles (less than 30 degrees 2-theta — Cu Ka
radiation). Relative quantities of ettringite, CH, and gypsum are lowest for the 2°C
OPC/Slag-CPB (Figure 5.31). However, the 2°C OPC/Slag-CPB has the greatest
relative quantity of Ca2SiOa4. Figure 5.32 shows that CazSiO4 was detected in the 20°C
OPC/Slag-CPB, but not the 35°C OPC/Slag-CPB (Figure 5.33). Development of
monosulfate is evident in in the 20°C OPC/Slag-CPB, with a more significant amount in
the 35°C OPC/Slag-CPB. There was no detection of monosulfate in the OPC/Slag-CPB
cured at 2°C. At angles greater than 30 degrees 2-theta Cu Ka radiation the differences
in the diffraction pattern are less notable, with consistent relative quantities of CH, C-S-
H, CaCOs, CaSO0s4, and ettringite.
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Figure 5.31. PXRD diffractogram for 2°C OPC/Slag-CPB.
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Figure 5.32. PXRD diffractogram for 20°C OPC/Slag-CPB.
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Figure 5.33. PXRD diffractogram for 35°C OPC/Slag-CPB.

5.3.4.2 Discussion and support from past research

As discussed previously, past research that has found that both C-S-H and
Ca(OH):2 are responsible for the immobilization of As(lIl) in a cement stabilized material
(Stronarch et al. 1997). In CPB cured at low binder proportions using OPC/BFS mixed
at a 50% blending ratio one can expect less available Ca(OH)2 due to consumption
during hydration, through the empirical reaction explained in section 2.11.4. Ca(OH)2 is
consumed leaving C-S-H to limit the mobility of As(lll) through its sorption (Lui et al.
2017; Stronach et al. 1997). PXRD diffractograms agree with this research, showing
relatively less CH in the OPC/Slag-CPBs compared to the OPC-CPBs. Certainly, there
are still detectable quantities of CH in the OPC/Slag-CPBs. This may contribute to the
overall increase in cumulative mass leached from samples cured at all three curing
temperatures. It is assumed that arsenic bearing phases that are responsible for arsenic
leachability are dominant in OPC/Slag-CPBs due to the quantity of arsenic leached.
Kundu and Gupta (2008) describe CH as the primary hydration product responsible for

immobilizing arsenic through pozzolanic reactions. Although no arsenic bearing phases
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were detected by PXRD with certainty, it is expected that arsenic is doped to CH peaks,
and other uncharacterized peaks. The combined effect of the arsenic bearing phases
present in the hydration products, and the porosity characteristics are expected to be
accountable for the difference in arsenic leached in the CPBs cured at different
temperatures.

The porosity characteristics, specifically the threshold pore diameter, and pore
volume greater than dtn, also likely play a significant role in the leachability of OPC/Slag-
CPBs. The expected result of an increase in cumulative mass leached with decreasing
threshold pore diameter based on the relationship between D. and din as described by
Garboczi (1989) was observed. Of the CPBs cured with the OPC/Slag binder, the
greatest threshold pore diameter observed was in the CPB cured at 35°C. This CPB
also showed the lowest cumulative mass leached of this group. This suggests that the
reduction in continuous pores left much of the arsenic bound within the monolith, due to
the reduced contact with percolating pore water. At lower temperatures the threshold
pore diameter decreased, meaning there was an increased pore volume available for
ion transfer. Thus, De presumably increased and resulted in the increased cumulative

mass leached as highlighted in Figure 5.21.

5.3.4.3 Discussion of the Leaching Mechanism

Like the CPBs cured with OPC as the sole binder the OPC/Slag-CPBs
experienced diffusion as the dominant leaching mechanism. Again, this is supported by
the linear relationship of the graphs cumulative mass leached as a function of the
square root of leaching time and, Log (Rd) as a function of Log (t). These charts are
displayed as Figures 5.34 through 5.36. Like the samples cured using OPC as a binder,
this result is supported by Kundu and Gupta (2008). R? values ranging from 0.97-0.99

show a strong linear relationship with respect to both plots.
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Figure 5.34. (a) Plot of Log rate of mass removal as a function Log time for the
OPC/Slag-CPB cured at 2°C (Rd: rate of mass removal). (b) Plot of cumulative mass
leached as a function the square root of leaching time for the OPC/Slag-CPB cured at
2°C. (CML: cumulative mass leached).
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Figure 5.35. a) Plot of Log rate of mass removal as a function Log time for the
OPC/Slag-CPB cured at 20°C (Rd: rate of mass removal). (b) Plot of cumulative mass
leached as a function the square root of leaching time for the OPC/Slag-CPB cured at
20°C (CML: cumulative mass leached).
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Figure 5.36. (a) Plot of Log rate of mass removal as a function Log time for the
OPC/Slag-CPB cured at 35°C (Rd: rate of mass removal). (b) Plot of cumulative mass
leached as a function the square root of leaching time for the OPC/Slag-CPB cured at
35°C (CML: cumulative mass leached).
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5.4 Comparison and Discussion of Binder Choice

Past literature (e.g., Coussy et al. 2011; Stronarch et al. 1997; Hamberg et al.
2017) suggests that the mobilization of As(lll) from cement stabilized materials is
governed by the availability of C-S-H and Ca(OH)2 within the matrix. The sorptive
properties of C-S-H and binding properties of Ca(OH)2 together provide optimal
conditions for arsenic immobilization in the cement matrix. Blended binders can result in
the increased consumption of Ca(OH)2 during curing, thus reducing its availability to aid
in the binding of arsenic to insoluble forms (Stronarch et al. 1997). Past researchers
(Coussy et al. 2011; Hamberg et al. 2017) suggest that increasing Ca(OH)2 content can
stabilize As in CPB. Furthermore Coussy et al. 2011 conducted leaching test on CPB
cured using OPC, OPC/Fly Ash, and OPC/Slag. The OPC/Slag mix was blended at
20% OPC, 80% Slag. Arsenic stabilization was best seen in the OPC samples. Results
were intermediate for the OPC/Slag CPB and OPC-Fly Ash CPB yielded the least
immobilization capacity for arsenic. The cause of this difference is explained by the
difference in the formation of arsenic bearing compounds. In the OPC samples calcium
arsenates formed, while OPC-Slag samples were dominated by the physical
entrapment of arsenopyrite in the C-S-H matrix.

The incorporation of As(lll) to a cement stabilized material can be achieved by
physical encapsulation or chemical inclusion (Dermatas and Meng 1996; Cocke 1990).
Physical encapsulation refers to the inclusion in the cement matrix without chemical
interaction. Chemical inclusion refers to the incorporation of As(lll) to pozzolanic
products formed during hydration. Sorption also plays a role in how As(lll) is
incorporated in the cement stabilized matrix (Dermatas and Meng 1996). Cocke (1990),
further suggests heavy metals can be incorporated in cement stabilized matrices by
chemisorption, precipitation, inclusion, chemical incorporation, surface compounds, and
other unknown forms as displayed in Figure 5.37. This figure may be interpreted as a
representation of the hydration products formed amongst the natural tailings within a
CPB system. Cement chemistry is complex, leading to the various outlined possibilities
for incorporation of hazardous materials in the cement matrix, which is dependent on

the curing conditions (Cocke 1990). The effect of curing temperature and choice of
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binder are considerable factors regarding the dominant physical or chemical
mechanisms responsible for binding As(lll).

The chemistry of the binder governs the chemistry of the resulting hydration
products. Portland cements are composed primarily of four compounds; C3SiOs 50-70
wt%, Ca2SiO4 20-30 wt%, CasAl206 5-12 wt%, and CasAl2Fe2010 5-12 wt%. Hydration
of these compounds results in the solution being saturated with respect to KOH, NaOH,
and Ca(OH)2 during early curing stages. Further curing results in C-S-H formation. The
ion chemistry of C-S-H is important because it provides sites for ion exchange with
metals ions, meaning chemisorption is controlled by the surface structure and presence
of C-S-H (Cocke 1990).

SOLIDIFIED WASTE CHEMISTRY AND STRUCTURE
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Figure 5.37. Potential sites for heavy metal additions to cement stabilized materials
(Cocke 1990).

Blast furnace slag, a co-product of iron production, has a chemical makeup that
shows latent hydraulic activity, making it a suitable for incorporation with Portland

cements. The four dominant compounds that make up slag are CaO 35-38 wt%, SiO2
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33-35 wt%, Al20s 17-20 wt%, and MgO 6-8 wt% (Liu et al. 2017; Prasad et al. 2018).
XRD results from Lui et al. (2017) suggest that BFS produces both CH and C-S-H
during early hydration stages as CsS and C2S are consumed. At later curing times (28
days) CH is consumed, suggesting as curing progresses C-S-H is available for sorption
of As(lll), however the availability of CH for chemical interactions is limited. As CH is
consumed in a binder containing slag there is less opportunity for As(lll) to be stabilized
by the matrix because the system is relying on primarily on the sorptive capacity of the
C-S-H.

Based on the chemistry of the OPC and slag hydration, slag substitutions limit
the immobilization capacity of a cement stabilized material with respect to arsenic. The
hydration of OPC alone yields a higher quantity of unconsumed CH while still providing
an ample amount of C-S-H to take advantage of the properties of each product.
Diffusion is the dominant leaching mechanism with respect to As(lll) in a CPB system
as suggested by the findings of this experiment. Higher OPC content yields a greater
immobilization of arsenic by chemically binding the arsenic to hydration products. This
limits the availability of As(lll) for diffusion resulting in an increased immobilization
performance when comparing CPBs produced with OPC and OPC/Slag of equal mixing
ratios.

The pore distributions differed greatly between the OPC-CPBs and the
OPC/Slag-CPBs. The threshold pore diameter of the OPC-CPBs were greater than or
equal to the threshold diameters of the OPC/Slag-CPBs cured at equivalent
temperatures. This suggests that the threshold pore diameter plays a considerable role
in diffusion based arsenic leachability since the samples with greater threshold pore
diameters (or pore volumes at d > di) exhibited significantly less leaching. However, it
should be noted that the 35°C OPC-CPB and 35°C OPC/Slag-CPB had the same
observed threshold pore diameter (11 ym) and the OPC-CPB leached substantially less
arsenic, therefore supporting previous statements that the arsenic bearing phases
formed in hydration reactions play a critical role in arsenic mobility during mature age

leaching.
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Chapter 6 — Conclusion and Recommendation for

Future Research

The principal finding from this study is that in an CPB system cured with 4.5 wt%
binder an OPC binder outperforms an OPC/Slag binder blended at 50 percent within the
curing temperature range of 2°C to 35°C, by substantial margins. Although statistical
conclusions cannot be made due to the lack of replaces utilized in this research, OPC is
recommended as a binder in situations where the principal design parameter is
immobilizing As(lll). This statement is supported by subsequent important findings.

There was in an increase in the performance of the studied OPC-CPB in
immobilizing As(lll) at lower curing temperatures between the range of 2°C and 35°C.
Cumulative mass of arsenic leached from the OPC-CPB cured at 2°C was 808.8 mg
compared to 1058.5 mg at 35°C. The difference between the cumulative mass leached
between the 2°C and 20°C OPC-CPB was insignificant at the experimental scale.

OPC/Slag-CPB showed the opposite effect when exposed to curing
temperatures between 2°C and 35°C. As(lll) immobilization was greater at 35°C (2128.2
mg leached) compared to 2°C (2906.2 mg leached). Ultimately the performance of
arsenic immobilization was greatly reduced when the OPC binder was supplemented
with 50% Slag.

Leaching of As(lll) from both OPC and OPC/Slag CPB is dominated by diffusion.
This mechanism of metals leaching through the diffusion process has been well
documented by previous researchers (e.g., Kundu and Gupta 2008; Ekstrom 2003;
Garboczi 1989). Observations from this research support these previous works.

Past research (e.g., Coussy et al. 2011; Stronarch et al. 1997; Hamberg et al.
2017; Cocke 1990) suggests that As(lll) is immobilized by the sorptive capacity of C-S-
H, and the binding properties of CH. PXRD results from this research seemingly support
this statement. However, this cannot be stated with great confidence since arsenic
bearing phases are assumed to be doped to existing CH and C-S-H peaks. The
capability of the Rigaku software was limited in determining the specific phases

produced during hydration.
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Threshold pore dimeter is an important material characteristic when considering
leachability of arsenic in CPBs. Connectivity of pores is related to the threshold and
critical diameters. These properties of the CPB were influenced by both curing
temperature and binder composition. These properties do not stand alone as the
parameters that govern leachability. The pore surface was also noted to influence the
mobility of arsenic, by increasing the area of reaction sties. This finding was supported
by Bishop et al. (1992).

As203 was the only source of arsenic used to supplement the arsenic content in
the CPBs studied. Different arsenic sources may result in immobilization to be observed
differently in a cement stabilized material. The solubility of the arsenic bearing phase
used may change the expected results based on how the arsenic becomes bound by
the CPB matrix during hydration. All arsenic bearing minerals cannot be expected to
exhibit leaching behave similar to As20s3. In practice the properties of the arsenic
bearing mineral phase present in the tailings should be considered. This research may
be used to aid in understanding how arsenic bearing phases are expected to behave
when subject to leaching in CPBs.

This research serves as preliminary findings on how curing temperature and
binder composition influence leachability of CPB. Next research steps in this field
should aim to use replicates and additional leaching tests for statistical conclusions to
be made. It is recommended that future researchers consider different blending ratios
and binder proportions to combine the optimization of both leaching characteristics and
long-term strength of CPB structures. Both environmental and geotechnical
performance must be considered when designing CPBs. Higher curing temperatures
should also be analyzed because, as shallow reserves are depleted mining at greater
depth will become more common practice. Mines will begin to exceed depths of 5000
meters. At such depths the geothermal gradient may produce rock temperatures
exceeding 70°C (Fall et al. 2014). The effect of pressure during curing stages is also
something that should be considered in future leaching experiments, to simulate stress
conditions noticed in full scale backfill operations. Various mixing waters should be
tested since initial temperature variations hydration waters many influence the curing of

CPBs. Other non-standard leaching tests such as a variation of the triaxial leaching test
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developed by Butcher et al. 1993 should be considered since the conditions of the test
simulate ground water flow through a permeable vein between impermeable parent

rock.
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Appendix A. Abreviated ASTM C 1308 Procedure

A.1 Materials

A.1.1 Leaching Containers

Leaching vessles used were 1000 ml HDPE bottles. HDPE has been found to be
a suitable container such that it does not react with the leachate or the specimine. The
bottles used had a screw cap that fit tightly to minimize evaporative losses. Each
container was labled with its specimine number. Two containers were used for each
specimine such that the specimine could be transferred directly to fresh lechant at each
exchange. This minimized the time the CPBs were exposed to the atmosphere to just a

few seconds per exchange.

A.1.2 Specimine Supports

Specimine supports were used to suspend the specimine within the leaching
vessel. Monofiliment was used becaue it is inert and the could be used to suspend the
CPB in the middle of the leaching vessel withouot contacting greater than 1 % of the
specimine’s cylindrical surface area. Below the specimine the monofiliment was
connected to mesh to better support the specimine in a vertical position. Specimines
were suspended from the lid of the container using the monofiliment and mesh to allow
for efficient leachate exchanges. This allowed for the lid containing the specimine to be

transferred to the subsiquent leaching container.

A.1.3 Sample Containers

50 ml HDPE centrafuge tubes were used as containers to hold aquilots of

leachate from each exchange.
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A.1.4 Extraction Equiptment

50 ml pipettes were used to extract leachate from the leaching container and

transfer it to the 50 ml centrafuge tubes.

A.1.5 Specimines

Cylindrical CPB specimines were used with a 1:1 diameter to height ratio of
5cm:5cm. Samples were cured in standard 5X10 molds. 2.5 cm was cut from each end
of the specimine to ensure the same boundray on each end of the specimine. Calipers

were used to ensure the sample dimensions were within a 0.01 cm tolerance.

A.2 Procedure

Specimines were cut to specified dimensions and placed on the mesh base
connected to the monofiliment. The monofiliment was threded through holes punched in
the leaching vessel cap, then tied off. The holes were then taped over to minimize
evaporative loss. The leachant volume used for each leaching step was 900 ml. This
was measured using a graduated cylinder to ensure constant surface area to leachate
ratio for the test durration between all samples. All leaching tests were conducted at
room temperature. At the end of each leaching interval the container lid was removed
and the specimine was placed in the subsiquent leaching vessle prepard with 900 ml of
leachant. The pipette was then used to homoginize the leachate, then extract two
aquilots of 50 ml for leachate analysis. Aquilots were then refrigerated at 4°C until
analysis was conducted by the geochemistry laboratory. The remainder of the leachate
was contained in a hazardous waste container. The leaching vessel was then cleaned
thouroughly with distilled water and prepared with 900 ml of water, to be used as the
leaching vessel for the following leaching interval. Leachate exchange was conducted at
2, 5, 17, and 24 hours, then at each 24 hour interval for the remainder of the 11 day

protocol. This resulted in 14 data points per specimine leached.



