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ABSTRACT
Coal mining in the mountainous regions of the Elk Valley, British Columbia has resulted in the
formation of rock drains. Rock drains are ex-pit landforms composed of waste rock, resulting
from the placement of mine waste rock in and about water courses, while allowing streamflow to
pass through a basal layer of the waste rock. These rock drains act as under drains to ex-pit waste
rock piles, collecting and transporting water that migrates through the overlying unsaturated
waste rock, and mixing it with water flowing through the rock drain from higher in the
watershed. Our understanding of the impact of the waste rock piles on both surface and
groundwater from the long-term flushing of constituents of interest (CIs) including nitrate (NO3),
selenium (Se), and sulphate (SO4) is evolving. Previous research has begun to characterize the
effluent chemistry of small-scale waste rock test piles and laboratory cells; however, the longterm monitoring of flow rates and chemistry of rock drains underlying full-scale waste rock piles
presents an opportunity to further our understanding of the impact of these waste rock piles on
the receiving environment.
Historical databases of water flow and geochemistry were provided by Teck Coal Ltd. for eleven
rock drains from all five mines in the Elk Valley, B.C. These data were augmented with site
specific information including waste rock pile construction dates and volumes over time, as well
as hydrological data. The rock drains represented waste rock of varying ages and depositional
methods, key factors in defining the impact of waste rock pile construction on CI release. The
data sets were investigated to identify patterns in the production and release of CIs with time.
Patterns in release of sulphate, nitrate, and chloride were assessed, and used to group waste rock
piles by age. Notable fluctuations in concentration of CIs, such as a change from an increasing to
a decreasing trend, were found to be significant, and provided insight into internal processes
within the waste rock piles. The ratio of sulphate to nitrate release was key in characterizing the
loading associated with ongoing pyrite oxidation within the waste rock piles, separate from the
flush of soluble sulphate present in the piles following placement of the waste rock.
System dynamics models for water and CI release were developed for two waste rock piles that
reflect different methods of pile construction. The impact of parameters that control CI release
from waste rock piles was evaluated using the models. These parameters included waste rock
volumetric water content, initial concentration, and leaching efficiencies. The parameters
controlled flushing time, maximum concentration, and amplitude of the CI release curve. A
comparison of the estimates from the system dynamics models with monitoring data showed that
the conceptual models were able to reproduce similar patterns of CI release as those observed for
both nitrate and sulphate.
These two initial site models may be expanded upon to include other waste rock piles in the Elk
Valley where there is sufficient hydrological and historical waste rock pile construction
information, and to additional mine sites with differing geology to test the validity of
assumptions in estimating outflow concentrations.
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CHAPTER 1 INTRODUCTION
1.1 Background and Problem Statement
Surface mining of coal accounts for forty percent of all coal mined globally (Miller and Zégre,
2014). To access coal seams in mountainous environments, large quantities of rock are removed
following controlled blasting. The resulting waste rock is subsequently removed by truck and
shovel for deposition in large piles (Palmer, et al., 2010), causing changes to the landscape
(Miller and Zégre, 2014).
Coal has been mined in the Elk Valley in British Columbia since 1897 when operations were
established at Corbin Creek. Large scale open pit mining in the Elk Valley began in the 1960’s
(Lussier, et al., 2003). Teck Coal Limited (Teck) currently operates five steel-making coal mines
in southeastern British Columbia with an annual production volume of approximately 20 million
tons (Teck Resources Limited, 2013).
Waste rock in mountainous regions is typically placed ex-pit in valleys adjacent to the active
mining area to minimize haul distances and increase operational efficiency. This results in the full
or partial covering of these watersheds by large, unsaturated piles of waste rock (Palmer, et al.,
2010, Swanson, 2010). Segregation of the waste rock during end dumping results in the
formation of coarse basal zones, often referred to as rock drains. These rock drains provide
drainage along the base of the waste rock piles as well as allowing for intra- or inter-valley water
transfer. Rock drains can be engineered but are generally formed naturally as a result of gravity
segregation during end-dumping (Fala, et al., 2005, Piteau Engineering Ltd., 1993).
Chemical constituents of interest (CIs) are released as a result of oxidation and flushing of the
waste rock by infiltrating waters. The rate and magnitude of CI release into underlying rock
drains and groundwater systems are not well characterized. A CI of particular concern in the Elk
Valley is selenium. Selenium is a micronutrient for many vertebrates (McDonald and Strosher,
1998) with only a narrow band of tolerance (Ryan and Dittrick, 2001). Selenium concentrations
in excess of the freshwater quality guideline of 2 µg/L were first identified in 1995 (British
Columbia Ministry of Environment, 2014) and have been linked to weathering of waste rock
from large surface mines located upstream of the monitoring point (McDonald and Strosher,
1998). There has been a steady increase in the selenium concentrations in the Elk River system
since 1985 (Figure 1.1), and this increase has paralleled the accumulation of coal mine waste in
the watershed (Hendry, et al., 2015, Swanson, 2010, Wellen, et al., 2015).
In response to the growing concern from increasing selenium concentrations, the Elk Valley
Selenium Task Force was formed in 1998 (Day, et al., 2010), and the first operational selenium
management plans were released in 2008. The Strategic Advisory Panel on Selenium
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Figure 1.1 Correlation of selenium concentration and cumulative waste rock (Swanson, 2010)
Management issued their report in 2010, providing a plan for management of selenium at Teck
Coal operations (Swanson, et al., 2011). This prompted the creation of the Applied Research and
Development program, which focused on limiting the production and release of CIs, including
selenium (Se), sulfate (SO4), and nitrate (NO3) from mine wastes (Qualizza, 2013).
1.2 Project Overview
The current understanding of CI release from the large volumes of waste rock associated with
large-scale mining operations is complicated by the heterogeneity and unsaturated nature of the
waste rock, as well as the extended time frame and the evolving geometry (areas, depths) of
waste rock piles during operations (Andrina, et al., 2009, Azam, et al., 2006, Fala, et al., 2005,
Fala, et al., 2013, Neuner, 2009).
The methods of waste rock pile construction vary not only between mines, but within individual
operating mine sites and within piles. Mine plans are created to allocate waste rock between
disposal sites, and geotechnical investigations of proposed disposal sites are completed prior to
placement of waste rock in a catchment; however, there is no well-defined, optimal method of
constructing waste rock piles to limit CI release. A better understanding of how zones of
heterogeneity and layering of waste rock impact CI release is needed to guide the design of waste
rock piles into the future.
1.3 Research Objectives
The production, accumulation, and long-term storage of waste rock are an unavoidable
consequence of surface mining. Covering large catchment areas with unsaturated waste rock
creates a challenge in determining how both meteoric water and surface water from within the
catchment move through these piles. Long-term water quality monitoring at a number of rock
drains in the Elk Valley provides a potentially valuable set of observations regarding the
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geochemistry of waste rock effluent, as well as the variability in flow rates and chemistry, both
seasonally and annually. A more detailed interpretation of this monitoring data has the potential
to identify key temporal patterns and geochemical signatures that can be used to characterize
long-term CI release from these waste rock piles.
It is hypothesized that the long-term hydrological, chemical, and outflow characteristics from
existing waste rock piles and their accompanying rock drains can be used to develop a model that
will allow future mine planners to make decisions prior to mining regarding the construction of
new waste rock piles, so as to limit the negative impacts of CI release to downstream receptors.
The goal of this study is to develop a conceptual model to estimate the geochemical and
hydrological behavior of new and legacy waste rock piles. This study will focus on waste rock
piles within the Elk Valley in southern British Columbia, Canada, where flow and chemistry data
has been collected from rock drains.
The objectives of this thesis are:
•
•
•

Develop a conceptual model of the patterns of CI and water release from rock drains
associated with waste rock piles of differing ages and methods of construction based on
site-specific operational histories and rock drain monitoring data;
Develop an analytical model linking CI release to water flow through these waste rock
piles; and
Use the developed analytical model along with available site-specific CI release patterns
and water balance data to evaluate the key controls affecting the timing and magnitude of
CI release from two specific sites.

The following tasks were undertaken to meet these objectives:
•
•
•
•

Collate historical databases of water flow and geochemistry for rock drains at Teck mines
in the Elk Valley;
Correlate patterns of CI production and release to depositional history;
Collect environmental data, including precipitation and evapotranspiration rates, for the
Elk Valley and use it to establish a water balance for each site; and
Use rock drain and hydrometric data to develop a simple system dynamics model for flow
and discharge through a heterogeneous, unsaturated waste rock pile.

The scope of this study included collecting up to 20 years of historic data, up to the field season
ending in 2014, for use in developing the system dynamics model.
1.4 Organization of Thesis
This thesis will contain a total of five chapters. Chapter 2 is a review of the literature pertaining
to CI release from unsaturated waste rock piles, including waste rock chemistry and hydrology.
Chapter 3 will describe the methodology used in this study, including the selection of sites and
the collection and analysis of data. Chapter 4 will present, discuss, and interpret the compiled
data, as well as provide an analysis of the results. The final chapter will draw conclusions and
discuss recommendations from this study.
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CHAPTER 2 LITERATURE REVIEW
This chapter summarizes relevant literature describing waste rock pile construction, physical
properties of waste rock, and waste rock chemistry and hydrology. The information in this
chapter was collected primarily from journal articles, advisory panel reports, conference
proceedings, post-graduate theses, textbooks, and internal Teck documents.
2.1 Introduction
The available literature on sulphide-containing waste rock encompasses studies conducted at a
range of scales. Mining companies utilize laboratory experiments such as humidity cell tests and
column experiments to predict drainage quality and possible environmental impacts from waste
rock (Smith, et al., 2013) . Field scale experiments, such as barrel leaching, pilot piles, and
prototype piles, assist mining companies in determining how results at the laboratory scale may
apply to full-scale facilities.
Studies to characterize the physical and geochemical properties of waste rock and to collect full
scale observations of performance have been undertaken at a number of operational mine sites
including: the Diavik diamond mine in Yellowknife, Northwest Territories, Canada (Fretz, et al.,
2011, Neuner, et al., 2013, Smith, et al., 2013, Smith, et al., 2013), the Antamina mine in Peru
(Bay, 2009), and the Key Lake (Stockwell, et al., 2006) and Cluff Lake (Nichol, et al., 2005,
Wagner, et al., 2006) uranium mines in Saskatchewan, Canada. O’Kane Consultants Inc. (2011)
compiled a review of literature on experimental pile studies across a variety of scales (pilot to
prototype). The review included studies listed above, as well as others from mines around the
world. SRK Consulting (Canada) Inc. (SRK) has completed studies at laboratory and field scales
to characterize the geochemical weathering of coal waste rock from the Elk Valley (Kennedy, et
al., 2012).
Internal processes within commercially sized waste rock piles such as flow dynamics,
weathering, and leaching are not well represented in field trials. However, studies are rarely
completed on operational waste rock piles for a number of reasons. Increases in the size of the
waste rock pile being studied decreases the level of “control” that can be exerted on the evolving
hydrological and geochemical conditions, while exacerbating the ability to monitor these
conditions and the resulting flow and chemistry associated with CI release from the piles.
(O’Kane Consultants Inc. and BGC Engineering Inc., 2013). Figure 2.1 provides a pictorial
representation of the changes in measurements, time, and money as waste rock pile size
increases.
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Figure 2.1: Waste rock test scales (McKenna, et al., 2011)
The information regarding physical and geochemical properties available for full-sized waste
rock test piles comes from a limited number of sources. Herasymuik (1996) conducted research
during the deconstruction of a waste rock pile at the Golden Sunlight Mine in Montana, USA.
The results of this study included characterization of the internal structure and hydrogeologic
properties within a commercially sized waste rock pile to investigate how water moves through
unsaturated, heterogeneous waste rock. Dawson (1994) investigated three waste rock piles as
well as three run-out failures at British Columbia coal mines, two of which (Fording River
Operations and Greenhills Operations) are in the Elk Valley. Sampling of the run-out material as
well as material from in-place waste rock piles that were being re-handled provided insight into
the geotechnical properties of the waste rock under different conditions (Dawson, 1994).
To address the impact of commercially sized waste rock piles on the environments in which they
are placed, an understanding of the key components of the piles is important. Methods of
construction and the resultant structures are unique to full-scale waste rock piles. Additionally,
the physical properties and water flow within a full-scale waste rock pile can be dissimilar from
those in field trials owing to differences in the volume of placed material and the methods of
placement. The following is a discussion of the properties of waste rock piles, as they appear in
landscapes adjacent to mining operations.
2.2 Waste Rock Pile Construction
The handling of waste material from surface mining of coal is governed largely by issues related
to mine planning and economics, scheduling, and equipment availability rather than the
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properties of the placed material (Dawson, 1994). As such, there is no universally accepted
standard method of construction for waste rock piles. Geotechnical issues are often only
considered in situations where the waste rock pile has the potential to negatively impact either
infrastructure or the environment in the case of a failure. There has been limited research
conducted towards determining how the final configuration of a waste rock pile in a natural
environment could impact the long-term release of water and constituents of interest from the
pile.
Handling the large amounts of waste material that are produced during surface mining for coal is
the largest cost to the overall operations at Teck (Swanson, 2010). The strip ratio of mined rock
to recovered coal at Teck operations currently is 10:1 (Swanson, 2010); consequently an annual
coal production of approximately 20 million tonnes (Teck Resources Limited, 2013) would result
in 200 million cubic meters of waste rock, measured in bank cubic meters (bcm), where bank
cubic meters is the volume of rock in-situ prior to blasting. The produced waste rock is typically
placed outside of the mined footprint when it is not possible to fill in a mined-out pit.
Waste Rock Pile Classifications
There are a number of common waste rock pile configurations and construction methods
(Herasymuik, 1996). The two main factors in classifying a waste rock pile are the configuration
(pile type) and the method of deposition.
Hustrulid and Kuchta (2006) identified four main types of waste rock dumps: flat land pile
dumps, head-of-valley fills, cross-valley fills, and side-hill dumps. The selection of one
configuration over the other can be strongly influenced by the local topography. The final
configuration within a particular topographic setting can be further altered by depositional
method, material type, equipment, and environmental considerations (Herasymuik, 1996).

Figure 2.2 Waste rock pile configurations (Hustrulid and Kuchta, 2006)
Head-of-valley fills are created when waste rock is deposited into the top of a valley (Swanson,
2010), covering the furthest upstream limits of the watershed. Cross-valley fills and side-hill
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dumps are constructed when the footprint of the waste rock pile covers the pre-existing valley
bottom or the valley slopes, respectively. Differences in these two configurations are related to
whether or not the waste rock crosses the thalweg of the valley; cross-valley fills cover the
thalweg and any stream that runs through it, whereas side-hill dumps do not cover water bodies.
It is easy to see, from this description, how side-hill dumps can evolve over time to become
cross-valley fills.
Methods of constructing waste rock piles include end or push dumping, free or bubble dumping,
and dragline dumping. End dumping involves dumping waste rock directly over the crest of the
waste rock pile and allowing the rock to spoil down the face. Push dumping involves material
being dumped near the edge of a waste rock pile by haul trucks or conveyors, and subsequently
pushed over the crest by a dozer (Fala, et al., 2003). Both of these methods of waste rock
placement maximize the segregation within the dumped material as it runs down over long
slopes. An alternate method of dumping, rarely used in the Elk Valley, is that of free dumping or
bottom-up construction. In this method, material is placed in horizontal layers across the dump
footprint by dumping and leveling material from haul trucks. This method of dumping minimizes
segregation and produces a layered structure of compacted surfaces and loose material. Dragline
dumping uses a dragline to transport and handle overburden, and is more common in large-scale
open pit mining operations (Fala, et al., 2003).
Waste Rock Segregation
Each method of waste rock deposition leads to varying degrees of compaction and particle size
segregation in the completed waste rock pile (Morin, et al., 1991). The differences in particle
segregation due to differences in depositional method are summarized in Table 2.1.
Table 2.1 Summary of Segregation for Various Deposition Methods (Morin et al., 1991)
Deposition
Method
End Dumping

Push Dumping
Free Dumping
Drag Line
Handling

Partial Segregation
•
•
•
•
•
•
•
•
•
•
•

Fine particles located near the crest
Coarse particles concentrated at the base
Even distribution along remainder of dump face
Height does not change distribution, but segregation is more prominent
when slope face is longer
Coarse particles concentrated at the base
Fine particles not restricted to the zone near the crest
Less coarse particle segregation when compared to end dumping
Little segregation of particles
More compaction
Little particle segregation
Less compaction when compared to free dumping

In replicating end dumped versus push dumped waste rock slopes in the field, Nichols (1986) was
able to demonstrate that 35% more of the coarser-grained particles made it to the bottom of the
simulated dump face when the material was end dumped. The same test showed that more
material collects along the bottom of the slope when it is end dumped, whereas more material
collects along the top when it is push dumped. The difference is caused by increased angular
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momentum when the material is end dumped, which causes larger particles to roll as opposed to
slide down the face of the dump (Nichols, 1986).
The end dumped slopes simulated by Nichols (1986) were found to be more stable than the push
dumped slopes, with a lower incidence of failure. It was found that push dumping material
caused an artificial steepening of the dump face due to the decreased angular momentum and
associated accumulation of waste rock near the crest of the tipping face.
Structure of Waste Rock Piles
The most efficient method of waste rock disposal for large-scale surface mines is one where the
hauling distance or the distance between active mining and the waste disposal location is
minimized. As a result, many waste rock piles are constructed in valleys adjacent to mining
operations, where piles can be tens to hundreds of meters high (Day, et al., 2010, Neuner, et al.,
2013, Nichol, et al., 2005) and kilometers long (Palmer, et al., 2010).
Natural, gravity-driven segregation from end or push dumping waste rock produces textural
heterogeneity within the waste rock pile. These heterogeneities have implications regarding the
ability to characterize processes that happen within the waste rock pile, such as the flow of water,
weathering, leaching, etc. Some of the structures that can result are adjacent layers with high
contrast in particle size distribution (Herasymuik, 1996, Wilson, 2003), traffic surfaces at the top
of a lift (Azam, et al., 2006), zones of little to no finer-grained material between large rock
fragments within a waste rock pile, and sloping interfaces between finer- and coarser-grained
waste rock layers formed during deposition (Smith and Beckie, 2003).

Figure 2.3 Cross-section of a waste rock pile, showing differences in waste rock size and the
presence of horizontal layers (after Fala, et al., 2005)
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Arguably the most important feature of waste rock piles with respect to the flow of water through
the pile is accumulation of coarser, boulder-size particles at the base of the pile, and layering of
coarser and finer inclined layers along the slope. This pattern is well-documented in waste rock
pile research at a variety of large-scale mining operations (Azam, et al., 2006, Hollings, et al.,
2001, Neuner, 2009, Stockwell, et al., 2006, Stockwell, 2002). The concentration of coarsergrained material at the base of the waste rock pile is an important characteristic for waste rock
piles in the Elk Valley, British Columbia, as it has been used for over 30 years to create rock
drains.
2.2.3.1 Rock Drains
The development of a boulder or rubble layer at the base of a waste rock pile has been
documented widely in literature (Azam, et al., 2006, Neuner, et al., 2013, Nichol, et al., 2005,
O’Kane Consultants Inc. and BGC Engineering Inc., 2013). The rubble zone occurs as a result of
differences in angular momentum between coarse- and finer-grained material as waste rock is
dumped down the face of a waste rock pile through either end or push dumping (Morin, et al.,
1991, Piteau Engineering Ltd., 1997). Where this coarser-grained material covers a pre-existing
stream or creek, a rock drain is formed.
The Ministry of Environment and Ministry of Energy (1991) of British Columbia define a rock
drain as “a valley or head of hollow fill constructed through the placement of mine waste rock in
and about water courses, whether permanent or ephemeral, in such a manner that streamflow will
pass through the mine waste rock”. Rock drains can be constructed by directly placing rock into
the stream, engineered by controlling and monitoring depositional practices, or allowed to form
naturally due to gravity-driven segregation (Fala, et al., 2005, Miller and Zégre, 2014).
Rock drains form primarily from two distinct waste rock pile configurations. Head-of-valley fills
begin at the top of the valley and are advanced downstream (Hustrulid and Kuchta, 2006). Crossvalley fills begin as side-hill dumps, and move across the valley with time until they cover the
watercourse running down the valley. They can then proceed either upstream or downstream,
depending on the direction of the shortest haul distance for mining operations. The Rock Drain
Agreement Regarding the Joint Administration and Regulation of the Mining Industry classifies
head-of-valley fills and cross-valley fills differently (Ministry of Environment and Ministry of
Energy, 1991). Cross-valley fills are classified as major structures, whereas head-of-valley fills
are considered minor structures (Ministry of Environment and Ministry of Energy, 1991). Where
major structures are proposed, the Rock Drain Agreement requires that an assessment of
alternative waste disposal schemes be provided for review.
Rock drains allow for the continued conveyance downstream of surface water originating from
the headwaters of the catchment, along with water and CIs flushing from the overlying waste
rock. The first rock drain in the Elk Valley was developed at Swift Creek (Greenhills Operations)
over the winter of 1981 to 1982 (Campbell, 1989). While the lower portion of the Swift Creek
rock drain was formed in the early 1980s from gravity-driven segregation, an engineered rock
drain was also added as a precaution, since it was unknown how the gravity-segregated drain
would perform. The rock drain at Bodie Creek, constructed between 1996 and 2001, is a high
specification rock drain built following the analysis of the performance of the Swift Creek rock
drain. While there is no placed material in the Bodie Creek drain, the development strategy of the
waste rock pile was designed to maximize the factor of safety (Golder Associates Ltd. , 1992).
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Select rock was used and the placement monitored to enhance the thickness of the rock drain at
the base of the waste rock pile (Jamieson, et al., 2013). Other rock drains in the Elk Valley were
constructed with run-of-mine rock and only occasionally monitored with respect to construction
and placement (Jamieson, et al., 2013).
Concerns associated with the early implementation and use of rock drains in mining
environments were related to the conveyance of high stream flows associated with spring melt,
and with high sediment loading rates as water passed through the rock (Lane, et al., 1986). An
analysis of nitrogen compounds found that peak concentrations of nitrate occurred in the first
year, and were associated with the flushing-out of the rock drain. Other parameters, including
sulphate, saw initial elevation in the first year of operation, but the contribution year upon year
was considered to be negligible moving forward (Lane, et al., 1986).
The historic performance of rock drains has allowed the level of supervision regarding
construction to be greatly reduced (Jamieson, et al., 2013), with the only stringent guideline being
that pile lifts must be greater than 20m to allow for sufficient segregation and creation of the
coarser-grained zone at the base (Piteau Engineering Ltd., 1997). This is based on the assumed
use of large, durable rock fragments (Lighthall, et al., 1985, Piteau Engineering Ltd., 1997) for
the construction of rock drains that have additionally been tested for compressive strength,
durability, and acid generating potential.
BGC Engineering Inc. (BGC) classified all of the key rock drains in the Elk Valley in a report
issued in 2013 (Jamieson, et al., 2013). The rock drains were classified based on the
specifications for the rock drain; that is, whether or not the rock drain was constructed or the
waste rock was end dumped into the catchment. A further classification for the rock drain was
whether or not the flow source for the drain is surface water, waste rock effluent, or some
combination of the two. Most of the rock drains considered by BGC in the Elk Valley are low
specification rock drains, meaning that waste rock was end dumped into the catchment rather
than engineered, with the exception of the drains at Swift Creek and Bodie Creek.
2.3 Physical Properties of Waste Rock
The storage and transport of water within an unsaturated waste rock pile is controlled by not only
the internal structures, but also by the hydrogeological properties of the rock itself (Herasymuik,
1996). A detailed characterization of the waste rock properties is crucial to understand the
hydrologic and chemical processes that occur within the waste rock. The characterization of the
physical properties of waste rock placed in full-scale piles is limited in literature. There are
inherent difficulties associated with being able to describe properties such as water content,
density, and grain size with respect to the large clast sizes that make up the lower portion of a
waste rock slope face. Consequently, the physical properties of commercial waste rock piles are
limited to those that can be easily determined from routine sampling and laboratory testing.
Density and Porosity
The in-situ properties of waste rock, such as density and porosity, are difficult to measure.
Blasting of the overburden rock to gain access to the coal resource below results in a decrease in
bulk density and a concomitant increase in porosity. These properties will continue to change as a
result of increased depths of overburden, loading, and mechanical breakdown by heavy
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equipment traffic, or as a result of weathering. These changes create difficulty in characterizing
bulk properties of commercial scale waste rock piles.
The wide range of material sizes in waste rock make it difficult to accurately assign a porosity for
the entire waste rock pile without detailed knowledge regarding the density and grain size
distribution (Bay, 2009). Porosity can be measured readily on the fine-grained fraction of waste
rock in a laboratory environment. Waste rock with a high portion of coarse-grained material has
lower values of porosity, given that the coarse-grained particles contribute to the bulk density but
have no porosity themselves (Fala, et al., 2003, Neuner, 2009). Furthermore, waste rock porosity
can be altered by settlement, natural degradation, fines migration, and geochemical processes
(Aubertin, 2013). As such, the porosity of waste rock is likely to evolve over time.
Density measurements for waste rock are variable, and depend on where the samples are taken in
the waste rock pile. The presence of a greater proportion of finer-grained material will increase
the density of the sample. Larger, coarse-grained particles will increase the mass of the sample,
but also have the potential to introduce more void spaces in a specified volume.
Many studies associated with determining the density of waste rock have been associated with
flow slides and liquefaction. A summary of density values obtained from the literature and
estimated porosity values is provided in Table 2.2.
Table 2.2 Summary of Density Values for Waste Rock in Literature
Measured
Porosity

Bulk Dry
Density
(kg/m3)

Estimated
Porosity*

Study

Study Site

Neuner, 2009;
Neuner et al.,
2013
Wagner et al.,
2006
Nichol, 2002

Diavik Diamond Mine,
Northwest Territories,
0.25 +/- 0.02
1,840
0.28 – 0.33
Canada
Cluff Lake Mine,
2,000
0.20 – 0.26
Saskatchewan, Canada
(assumed)
Cluff Lake Mine,
1,550 –
0.28 – 0.44
Saskatchewan, Canada
1,800
Golden Sunlight Mine,
1,500 –
0.30 – 0.36
0.16 – 0.44
Montana, USA
2,100
Various, Rocky Mountains,
1,300 –
0.30 – 0.50
0.30 – 0.47
Canada
1,750
* porosity estimated using a specific gravity range of 2.5 to 2.7
** assumed specific gravity of 2.5 used to calculate bulk dry density

Azam et al.,
2006
Dawson et al.,
1998**
Notes:

There are similarities in the range of dry bulk density for the range of sites presented in Table 2.2,
even though they have different host rock formations. This may be due to similar particle size
distributions and layering mechanisms in these depositional structures. The similarity in
measured porosity values and those estimated from measured bulk density for a given range of
specific gravity values further support commonalities in particle size distributions and layering
mechanisms.

11

Particle Size Distribution
The particle size distribution within a waste rock pile plays an important part in determining how
water moves through the pile. Surface mines can have particle size distributions spanning orders
of magnitude (Aubertin, 2013). Sorting of the waste rock during deposition occurs as coarsergrained particles gain momentum and roll down the slope, while finer-grained material stays near
the top of the slope. The resulting structures that occur when waste rock is spoiled down angle of
repose slopes between 37 and 38 degrees (Dawson, et al., 1998) introduce heterogeneities that
influence the overall flow regime. The pattern of alternating coarser- and finer-grained layers
becomes increasingly important as the waste rock pile grows (Fala, et al., 2003).
The distribution of particle sizes in a structure impacts water flow and storage. Hydraulic
conductivity is directly influenced by particle size distribution and porosity (Aubertin, 2013). As
such, Dawson and Morgenstern (1995) defined waste rock using two distinct classes. Soil-like
waste rock was defined as waste rock with > 20% sand (< 2 mm), with the assumption that the
geotechnical properties of the waste rock are governed by this fraction. Yazdani, et al. (2000)
notes that soil-like waste rock is capable of holding a great deal of water, resulting in capillarity.
In the case of a soil-like waste rock, drainage through fines governs the flow of water through the
waste rock pile. The behavior of rock-like waste rock is governed by the larger fractions, and
includes all material with < 20% sand . Smith, et al. (2013) suggests that rock-like waste rock
piles may have a higher proportion of macropores or preferential flow given the potential for
solute flushing through large void spaces. However, Barbour, et al. (2016) found that even
relatively coarse-grained waste rock piles have the capacity to exhibit capillarity, depending on
gradation.
In analyzing the runout failures of three waste rock piles in British Columbia, Dawson, et al.
(1998) characterized the sandy gravel portion (< 100 mm) of waste rock samples at Fording
River Operations and Greenhills Operations in the Elk Valley. Figure 2.4 shows the particle size
distributions of the fine material for the three failures considered in the study.
McKeown, et al. (2000) evaluated the grain-size distribution of six mines with sulphidecontaining waste rock. The findings of the study were that the particle size distribution between
the mines was consistent, and that the material was well-graded. All of the samples considered
for particle size analysis were from soil-like waste rock, based on the criteria provided by
Dawson and Morgenstern (1995).
Smith, et al. (2013) completed a larger-scale particle size measurement on waste rock at the
Diavik diamond mine in Northwest Territories, Canada, but this measurement still excluded
particles larger than 900 mm. This is not always realistic on a commercial scale, as waste rock is
blasted with no upper size limit restricting particle size for deposition in waste rock piles.
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Figure 2.4: Grain size distribution from sandy gravel samples at study sites in the Rocky
Mountains, Canada (after Dawson et al., 1998)
Water Retention Relationships
In an unsaturated soil, where there is air present in void spaces between particles, both air and
water pressure act on the layer of water found around soil particles. The difference in the
observed pressure between air and water is matric suction (ua – uw). Unsaturated soils are defined
by conditions in which the air pressure is greater than the water pressure, causing the meniscus
around soil particles to curve. Fredlund and Rahardjo (1993) describe the curve using
Equation 2.1.

!" − !$ =

&'(

(2.1)

)(

where Ts is the surface tension (N/m), and Rs is the radius of curvature (m). The implication of
Equation 2.1 is that, as suction is applied, it is the largest pores that are emptied of water first,
and residual water is held in the smallest pore spaces. The relationship between the volume of
water stored in a soil (the degree of saturation (S) or the volumetric water content (q)) and matric
suction is the soil water characteristic curve.
2.3.3.1 Soil Water Characteristic Curve
The Soil Water Characteristic Curve (SWCC) is important for describing the means by which a
soil stores water under negative pressures, or suction. Figure 2.5: Soil Water Characteristic Curve
(from Barbour, 1998) shows a typical SWCC, taken from Barbour (1998).
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Figure 2.5: Soil Water Characteristic Curve (from Barbour, 1998)
The air-entry value describes the minimum amount of suction that must be applied for air to enter
voids in a soil matrix, and is dependent on the maximum pore size of the matrix. The residual
saturation, Sr, is the degree of saturation at which there is limited liquid continuity within the
pores and consequently the effectiveness of applied suction in removing water begins to
diminish.
Fala, et al. (2003) found that the shape of the SWCC varies with particle size distribution, so that
water retention increases with decreases in particle size and porosity (Bay, 2009). Consequently,
the finer portion of a waste rock pile will tend to be the dominant zone of water flow and storage
under low water flow rates. Barbour, et al. (2016) found that for waste rock profiles in the Elk
Valley, the gravel/sand/silt and clay fractions were approximately 40% / 50% / 10%, indicating
that there is a significant amount of capillarity-dominated flow in the waste rock, governed by
particles less than 20mm in size. Neuner (2009) found that the SWCC for waste rock at Diavik
was steep with a low air-entry value. This would be reflective of waste rock with a larger relative
proportion of coarser-grained material, and a lack of capillarity-driven flow. This would result in
rapid drainage of water resulting from small changes in tension, characteristic of a rock-like
waste rock with a steep SWCC.
2.3.3.2 Hydraulic Conductivity
Hydraulic conductivity is dependent on the saturation state and interconnectedness of pores. In an
unsaturated soil, the movement of water is limited by the presence of either zones of saturation or
the connectedness of residual water content (Bay, 2009). Under these circumstances, the
hydraulic conductivity of waste rock can be estimated from the saturated hydraulic conductivity
and the SWCC. Figure 2.6 shows some typical forms of the hydraulic conductivity function.
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Figure 2.6: Characteristic curves for volumetric water content and hydraulic conductivity as a
function of negative pressure head (from Freeze and Cherry, 1979). a) uniform sand; b) silty
sand; c) silty clay
The hydraulic conductivity of a saturated soil will vary with void ratio (e). In addition, for an
unsaturated soil, the hydraulic conductivity becomes a function of the degree of saturation (S) or
the volumetric water content (q) (Fredlund and Rahardjo, 1993). Since the volumetric water
content varies with suction, the hydraulic conductivity function is most often represented in terms
of suction.
Darcy’s equation (Equation 2.2) can be used to describe flow through either saturated or
unsaturated soil:

* = −, -

./

(2.2)

.0

where K(q) is the hydraulic conductivity function (m/s). An example of the relationship between
matric suction and hydraulic conductivity is shown in Figure 2.7.
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Figure 2.7: Hydraulic conductivity vs. matric suction for finer- and coarser-grained specimens
(after Herasymuik, 1996)
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Figure 2.7 highlights that the highest hydraulic conductivity (preferred pathway) for water flow
within texturally variable waste rock depends on the in-situ suction values. At low values of
suction (small values of negative water pressures), the coarse-grained fraction has the highest
hydraulic conductivity and concomitantly, under a unit gradient (i.e. gravity gradient alone), the
flow rates would be very high. However, as matric suction increases (more negative pore water
pressure), the fine-textured rock has the highest hydraulic conductivity and the flow rates are
lower. Textural variability similar to that shown here is prevalent in waste rock piles, and it can
be inferred from this graph how zones of elevated water content and variable flow pathways can
develop due to heterogeneities in material texture and the applied flow rates. Under flow rates
representative of average annual rates of recharge, Figure 2.7 highlights that the fine-grained
matrix will dominate water flow and transport, supporting findings from Blackmore, et al. (2014)
and Neuner, et al. (2013).
If the flow rate is steady and less than the saturated hydraulic conductivity, this results in the
hydraulic conductivity being numerically equal to the Darcy flux. In deep, homogeneous profiles,
this results in a vertical hydraulic gradient of unity (i.e.

./
.0

= 1, where h is hydraulic head (m)

and z is elevation (m)), with the resulting pressure head remaining relatively constant throughout
the profile.
Flow through Stratified Waste Rock
The natural particle segregation that takes place during dumping of waste rock over crests to
create rock drains contributes to the creation of heterogeneities that impact flow (Fala, et al.,
2005, Molson, et al., 2005, Neuner, et al., 2013, Nichol, et al., 2005). Understanding how
heterogeneities in waste rock evolve and impact flow during waste rock pile construction is
critical in evaluating the impacts of these structures on effluent loading and flow rates.
The flow of water through waste rock is dependent on the hydraulic conductivity of the material
that makes up the pile. Hydraulic conductivity is highest when the material is saturated and there
are no limits on the available pathways for water to take through the pile. As suction increases,
hydraulic conductivity is rapidly reduced with the draining of the largest pores. The methods of
construction for waste rock piles inherently create differences in the flow properties of waste rock
piles in three dimensions due to stratification and layering (Section 2.2). A simplistic model of
waste rock piles distinguishes between two types of flow and the associated hydraulic
conductivity as follows (Bay, 2009):
•
•

Matrix Flow
• Darcian, non-capillary flow
• Preferential Flow
Darcian, capillary flow
• Non-Darcian, macropore flow

Each type of flow can be described using the physical and chemical properties of the media that
the flow occurs within. This includes porosity, hydraulic conductivity, suction, and other
hydrogeologic properties that can be measured to varying levels of accuracy depending on the
configuration of the waste rock pile through which flow takes place, and the degree of
instrumentation used. Fretz, et al. (2011) noted that the contributions of preferential flow (both
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Darcian capillary flow and non-Darcian macropore flow), and matrix flow work together to
control the mobilization and transport of chemical constituents of interest in waste rock.
2.3.4.1 Matrix Flow
Matrix flow generally occurs in large zones of finer-grained material within waste rock piles,
where the matrix has a greater ability to retain water and maintain flow through wet and dry
periods (Bay, 2009). Water is retained in the matrix through tensile and capillary forces (Barbour,
et al., 2016, Yazdani, et al., 2000), allowing for slow and diffuse flow that can be maintained in a
variety of climactic conditions. In waste rock with a particle size distribution that is ‘soil-like’
(Section 2.3.2, above), the ability of the matrix to sustain flow makes matrix flow the dominant
flow mechanism in waste rock (Barbour, et al., 2016, Neuner, 2009, Wagner, et al., 2006).
2.3.4.2 Preferential Flow
Preferential flow describes the movement of water or solutes in unsaturated media, where the
movement is either spatially concentrated or occurs faster than anticipated by equations
governing transport processes in soil. This kind of flow can be initiated through a number of
mechanisms, such as non-capillary or gravity-driven preferential flow (Bay, 2009). Preferential
flow typically occurs in the coarser-grained fraction of the waste rock pile, and is also referred to
as macropore flow.
Nichol (2002) provides a helpful summary of the characteristics of macropores as follows:
… (1) low or no air entry value (2) large size (3) some degree of vertical continuity within
the soil profile (4) large variation in hydraulic conductivity from neighbouring pores and
(5) poor mixing of water within macropores with the remainder of the porous medium.
Preferential flow occurs primarily as the result of rapid or high Darcy fluxes moving through
coarser-grained waste rock under gravity-driven flow and elevated saturation conditions. As the
large voids in the waste rock are filled with water, the interconnectedness of these pores allows
water to move rapidly through the waste rock pile, in some cases completely bypassing zones of
finer-grained material. In this way, slugs of relatively fresh water can penetrate much quicker
than flow through the matrix (Nichol, 2002, Smith and Beckie, 2003). Bay (2009) similarly
observed preferential flushing under relatively wet conditions with rapid channeling through the
pile. These conditions are most often near to the surface of the waste rock pile, where episodic
high rates of recharge from large rainfall or snow melt events occur.
Newman, et al. (1997) found that coarser-grained material is incapable of retaining water under
applied matric suction, resulting in a rapid decrease in hydraulic conductivity for coarser-grained
layers of waste rock under these conditions. This finding went against previous research that
suggested the open pore spaces in a coarse-grained layer would be highly conductive to flow
(Newman, et al., 1997). Only at suctions between 0 kPa and the suction where hydraulic
conductivity between coarser- and finer-grained layers is equal is the coarser-grained material is
more conductive (Newman, 1999).
2.3.4.3 Combined Matrix and Preferential Flow in Waste Rock
A number of studies have been completed on waste rock piles, which aim to characterize flow in
the matrix and through zones containing preferential flow pathways. The presence of preferential
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flow has been identified in a variety of ways by different researchers. Stockwell, et al. (2006)
used particle size distribution as an indicator of the tendency for preferential flow in waste rock.
By deconstructing the waste rock test pile at Key Lake, Saskatchewan, the researchers found that
large, air-filled voids were persistent within the lower portion of the waste rock pile. The voids in
this situation acted as capillary breaks from the surrounding waste rock (Stockwell, et al., 2006)
and the water is preferentially stored in the matrix due to capillary forces (Fala, et al., 2005).
Capillary breaks are common in waste rock piles with stratified coarser- and finer-grained layers.
Numerical modeling of a simple two-component waste rock pile (Fala, et al., 2003) highlighted
the effect that inclined, stratified layers of high and low hydraulic conductivity had on the
movement of water. The results of the modeling showed that the flow of water was dependent on
the distribution of the finer-grained layers, due to the preferential retention of water in those
layers. This observation followed the conclusions of Newman, et al. (1997).
Other studies of note on particular waste rock piles are presented in Table 2.3. Identification of
changes in flow mechanisms at the Cluff Lake Mine in Saskatchewan, Canada were based on
measurements taken from 16 basal lysimeters on a 4x4 grid pattern, as well as TDR and thermal
conductivity probes at three vertical profiles (Nichol, et al., 2005). The test piles at the Diavik
diamond mine were instrumented with twelve basal lysimeters, and two surface lysimeters.
Table 2.3 Summary of Waste Rock Test Pile Research regarding Preferential Flow
Study
Nichol et al.,
2005

Test Site
Cluff Lake Mine
Saskatchewan,
Canada

Wagner et
al., 2006

Cluff Lake Mine
Saskatchewan,
Canada

Neuner et
al., 2013

Diavik Mine
Northwest
Territories, Canada

Findings
• Rapid changes in flow rate are not indicative of
preferential flow
• Wetting front velocity orders of magnitude higher
than mean velocity
• 5% of net infiltration travelled five meters within the
pile via macropores within hours of heavy rainfall
• Less than 0.1% of net infiltration reached the same
depth through non-capillary flow pathways
• Increase in flow rate exiting the pile marked by a
short-lived increase in chemical concentrations
• Water following the slug is relatively fresh, reflecting
meteoric water
• Concentration increases are likely due to flushing of
pore spaces
• Water moves through the pile matrix except under
infrequent and high intensity rainfall
• Waste rock pile is composed of larger clasts

In-situ Water Content
The water content within a large column of unsaturated soil will vary in response to the water
flow rate. Deep, homogeneous, unsaturated soil profiles will generally have a constant water
content corresponding to the relatively steady flow of recharging waters through the pile.
However, the water content can also vary within a pile due to differences in the water retention
properties as a result of textural variability. Vertical variations in water content can also occur if
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there are rapid changes in water flow rates through the pile, as might occur near surface following
precipitation events. Azam, et al. (2006) observed volumetric water contents between 4 and 14%
in the top three meters of waste rock at the Golden Sunlight Mine in Montana, USA, while
volumetric water contents were approximately 3% for depths up to 42 meters.
In-situ water content is another physical characteristic of waste rock that is difficult to measure
because of the heterogeneities within a waste rock pile. One way to measure water content in-situ
is to install a time domain reflectometry (TDR) probe. However, a TDR probe only measures the
water content of the waste rock immediately adjacent to the probe (Nichol, 2002) and does not
reflect a bulk in-situ water content. The actual volumetric water content of the entire pile is likely
to be lower than that gathered from TDR measurements, as particles larger than 5 mm occupy
volume but do not contribute to water retention (Nichol, 2002).
Barbour, et al. (2016) completed investigations at two waste rock piles (Bodie Creek at Elkview
Operations and West Line Creek at Line Creek Operations) in the Elk Valley to develop isotopic
profiles through both coal waste rock and natural profiles. As part of the research conducted,
sonic core samples were collected and analyzed from the waste rock piles. The average
volumetric water content ranged from 5% at Bodie Creek to 10% at West Line Creek (Barbour, et
al., 2016). Corrections for an oversized fraction of approximately 20% (Dawson, 1994, Smith, et
al., 1995) result in volumetric water contents closer to 4% (Bodie Creek) and 8% (West Line
Creek) (Barbour, et al., 2016).
2.4 Waste Rock Chemistry
The connections between the structural, physical, and chemical characteristics of a waste rock
pile can influence the rate of flow through the pile, residence times, and effluent chemistry in a
complex and unpredictable fashion (Bay, 2009, Fala, et al., 2005). In many sulphide-bearing
waste rock environments, acid mine drainage (AMD) or acid rock drainage (ARD) is of great
concern. AMD is characterized by low pH, increased sulphate concentrations, and increased
metals loading (Smith, et al., 2013).
A number of studies regarding waste rock piles have been undertaken to evaluate the generation
and release of AMD from unsaturated waste rock piles (Fala, et al., 2005, Nordstrom, 2011,
Stockwell, et al., 2006, Wilson, 2003). These studies have culminated in a comprehensive body
of literature on the oxidation of sulphide minerals and their concomitant release into the
environment through geochemical reactions. However, coal mines in the Rocky Mountains are
reflective of neutral pH drainages, due largely to their abundance of carbonate minerals such as
calcite (Day, et al., 2010). Contaminated neutral drainage (CND) occurs under neutral pH
conditions, such as those where small amounts of sulfidic minerals are oxidized (Aubertin, 2013),
or where carbonate buffering neutralizes large amounts of sulphide oxidation (Essilfie-Dughan, et
al., 2017).
Geology of Teck Waste Rock
Coal extracted from the mines operated by Teck in the Elk Valley originates in the various
formations within the Jurassic-Cretaceous Kootenay Group (Day, et al., 2010, Ryan and Dittrick,
2001). The primary formation from which all five of the mines extract coal is the Mist Mountain
Formation (Figure 2.8). The Mist Mountain Formation outcrops extensively in the East Kootenay
region of British Columbia (Ryan and Dittrick, 2001), with coal seams up to 18 meters thick
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(Gibson, 1985). Coal makes up between 8% and 12% of the total thickness of the formation, with
the remainder dominated by siltstones, mudstones, and sandstones (Gibson, 1985).
The Mist Mountain Formation is underlain by the Morrissey Formation, a sandstone unit that
forms the footwall of most of the mining activity in the Elk Valley (Ryan and Dittrick, 2001).
The exception is the Coal Mountain Operations, where approximately 30% of its waste rock
originates in the Morrissey Formation (Day, et al., 2010). The Elk Formation overlays the Mist
Mountain formation, and contains thin coal seams which are mined in limited quantities.
The five mines in the Elk Valley are located in two of the three coalfields that compose the Mist
Mountain formation. The similarity in geology between the five mine sites allows for
geochemical analysis to be readily compared across many locations within the mines.

Figure 2.8: Jurassic-Cretaceous Stratigraphy of the Kootenay Group (from Ryan and Dittrick,
2001)
Mineralogy
Selenium is naturally enriched in coal deposits when compared to crustal averages (McDonald
and Strosher, 1998), with values between 0.05 and 0.1 parts per million (ppm) (Ryan and
Dittrick, 2001). In coal-bearing strata, selenium is predicted to occur as reduced forms in
association with sulfur release (Lussier, et al., 2003). In the Elk Valley, the presence of selenium
has been associated with the weathering and leaching of sulphide minerals such as pyrite (Day, et
al., 2010).
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Hendry, et al. (2015) found that within the Elk Valley, chalcopyrite, sphalerite, and pyrite
contained the greatest concentrations of selenium (in descending order). Although chalcopyrite
has the highest concentration of selenium per kilogram, the occurrence of chalcopyrite in test
samples for this particular analysis were low. Other minerals, such as barite and ferric
oxyhydroxides, were also found to contain selenium in lower concentrations.
Oxidation Processes
The geochemical weathering of sulphide-bearing waste rock is dominated by sulphide oxidation
(Day, et al., 2010, Essilfie-Dughan, et al., 2017, Stockwell, 2002). The conventional oxidation of
pyrite is as follows:

234& +

67
8

:

9& + ;& 9 → 23(9;)? + 2498 &A + 4; C
&

(2.3)

The most notable products of sulphide oxidation are hydrogen ions, which contribute to the
acidity of waste rock pile discharge. In the Elk Valley, the presence of carbonate minerals leads
to the consumption of acidity, resulting in CND (Biswas, et al., 2017, Day, et al., 2010) as shown
in Equations 2.4 to 2.6 (Bay, 2009).

DED9? + ; C → Ca&C + ;D9? C

(2.4)
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(2.5)
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Selenium occurs as a substitution element for sulfur in sulphide minerals such as pyrite (Minkin,
et al., 1984), and behaves similarly to sulfur in Equation 2.3.
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Findings by Kennedy, et al. (2012) and Ryan and Dittrick (2001) support the indication that most
of the selenium in waste rock (~80%) in southeastern BC is associated with the oxidation of
sulphide minerals. The oxidation state of selenium in pre- and post-blast waste rock, as analyzed
by Hendry, et al. (2015), is dominated by selenite (SeO32-) and elemental selenium (Se-2). Given
the reduction-oxidation conditions within waste rock piles, Equation 2.7 proceeds to the right to
produce selenate. Selenate (SeO42-) is less soluble than selenite (SeO32-), and therefore more
likely to persist in solution (Day, et al., 2012, Schabert, 2016); therefore, the majority of concerns
regarding geochemistry downstream of coal mines and waste rock piles are associated with the
presence and concentration of selenate.
As mentioned previously, sulphate and selenim in the Elk Valley are associated with the presence
of sphalerite and pyrite (Hendry, et al., 2015). From Hendry, et al. (2015), the estimated amount
of selenium in pyrite ranges from 0.14 mg/kg in sphalerite to 0.09 mg/kg in pyrite. Based on
Essilfie-Dughan, et al. (2017), the amount of sulphate from all sulphur species is 146 mg/kg. The
ratio of selenium to sulphur (sulphate) in pyrite samples taken from the Elk Valley is 0.0004
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(Essilfie-Dughan, et al., 2017). Where selenium is present in typical concentrations to sulphate in
pyrite minerals, selenate is expected in discharge from waste rock piles.
Effluent Chemistry
The quantification of the co-occurrence of selenium, sulphate, and nitrate is key to the definition
of effluent chemistry in the Elk Valley. The occurrence of selenium in association with sulfur
release has been documented by Lussier, et al. (2003), and is primarily derived from pyrite
oxidation (Day, et al., 2010, Hendry, et al., 2015, Kennedy, et al., 2012, Ryan and Dittrick, 2001,
Stockwell, et al., 2006), though other sulphide-bearing minerals such as sphalerite and
chalcopyrite may result in sulphate and selenate release as well.
Increases in nitrogen concentrations in the Fording River was first observed in a water quality
study completed in 1975-76 (Pommen, 1983). In mining environments, nitrogen originates from
the use of ammonium nitrate mixed with fuel oil, or ANFO, the primary blasting agent used in
the mining industry (Bailey, et al., 2013, Pommen, 1983). ANFO accounts for approximately
80% of the explosives used in mining. In general, it contains 94% ammonium nitrate (NH4NO3)
and 6% diesel fuel oil (Dockrey, et al., 2014, Mahmood, et al., 2017, Pommen, 1983); however,
the mixtures used by particular mines are proprietary and may be altered for particular blast
patterns based on factors such as overburden rock composition and thickness. The release of
nitrate and ammonium in mining environments is often attributed to spillage or incomplete
blasting (Mahmood, et al., 2017); however, there are limited studies regarding the presence of
nitrate in waste rock from standard blasting procedures (Bailey, et al., 2013).
Pommen (1983) completed a study of nitrogen loadings downstream of the Fording Coal (now
Fording River Operations) and Elk River Basin mines (now Greenhills Operations and Coal
Mountain Operations; including Fording River Operations). At Fording Coal, there was a direct
correlation observed between the use of ANFO and increases in the nitrate concentrations in the
Fording River (Pommen, 1983) immediately downstream of operations. For all of the Elk River
Basin mines, Pommen (1983) found increases in nitrate concentrations in the water bodies
immediately downgradient of the mining operations.
A study in the Elk Valley, British Columbia using stable isotopes of nitrogen confirmed that the
source of nitrate in the waste rock for Elk Valley coal mines was blasting (Ferguson and Leask,
1988, Mahmood, 2016). Nitrate is the dominate N-species in drainage from waste rock
(Mahmood, et al., 2017), although nitrite and ammonia can be present as well (Dockrey, et al.,
2014, Ferguson and Leask, 1988). Work completed by Mahmood, et al. (2017) showed little
evidence of denitrification processes within the WLC waste rock pile. Enrichment in d15N (°/°°)
was observed in a small number of samples (n=8) from a sub-oxic portions of the WLC waste
rock pile (Mahmood, et al., 2017). The lack of denitrification was supported by the d18O values.
A study completed by Bailey, et al. (2013) on waste rock in the Northwest Territories, Canada
showed that a useful relationship exists between nitrogen and sulphate in effluent from waste
rock piles of varying sulfur content. It was noted that the sulphate concentration in effluent
initially reflected similar concentration increases with time to other blasting agents such as
nitrate. From that, the researchers determined that the initial presence of sulphate in waste rock

22

effluent was due to oxidation of sulphides during blasting (Bailey, et al., 2013, Essilfie-Dughan,
et al., 2017, Villeneuve, et al., 2017).
Figure 2.9 shows that the ratio of sulphate to total nitrogen remained constant for the first two
years of the study, followed by a spike in the third and fourth year. It was anticipated that these
ratios could be used to isolate sulphate due to blasting from sulphate due to ongoing in-situ
oxidation. Applying the ratios from the figure to measured nitrate data produced Figure 2.10
(below). The pattern in effluent concentration observed at the basal drain had greater similarity to
the estimated concentrations due to oxidation, rather than those predicted from blasting using the
early sulphate-nitrate ratio.

Figure 2.9: SO42-:Ntotal ratio (second row) for test piles at the Diavik Diamond Mine (from Bailey
et al., 2013)
Initial SO42-/Ntotal ratios in the pile were approximately 7:1, and increased to ratios as high as
200:1 (Figure 2.9). The increase in the ratio is associated with a decrease in nitrate
concentrations, as well as ongoing sulphate generation in the piles over time. Although the
process for sulphate generation was not identified as part of the study, in-situ oxidation of
sulphide minerals was suggested as the source (Bailey, et al., 2013) owing to the absence of
chloride ions that would indicate flushing was taking place.
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Figure 2.10: Predictions of SO42- from in-situ oxidation vs. oxidation during blasting (from
Bailey et al., 2013)
2.5 Waste Rock Hydrology
The construction of waste rock piles, above grade in valleys adjacent to mining operations,
results in predominately unsaturated structures. Water can be introduced into waste rock piles
through precipitation, snowmelt, or runoff. The presence of physical heterogeneities in a waste
rock pile impacts the rate, direction, and uniformity of flow (Bay, 2009). Therefore, waste rock
piles do not operate under steady-state seepage conditions (Wilson, 2003).
Surface Hydrology
The direct measurement of the components of a water balance required to accurately describe
surface hydrology is complicated in environments such as those containing waste rock piles. The
extensive instrumentation of test piles, such as that done by (Smith, et al., 2013) at Diavik, laid
the ground work for some realistic water balance component values for small scale waste rock
piles. However, scaling these measurements to represent a full-sized commercial waste rock pile
generates variability. This variability depends on parameters such as porosity, hydraulic
conductivity, or field capacity that are used for this upscaling (Neuner, 2009).
The water balance of a waste rock pile changes depending on where the analysis is completed: at
the surface, or for the entirety of the waste rock pile. A discussion of the water balance of an
entire waste rock pile includes changes in storage and inputs from groundwater, which are
difficult to measure in large-scale waste rock piles. An analysis of the water balance at the ‘active
zone’ near the surface of the waste rock pile is composed of elements that are more easily
measured, and is of greater interest for the modeling work associated with this research. The
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active zone can most often be defined by a potential rooting or evaporation depth to account for
water that is drawn out of storage within the soil profile and released back to the atmosphere
through the processes of evaporation and transpiration. The water budget for this active zone of
waste rock is described as follows:

H − I − ∆4 − KL − KM − NH = 0

(2.8)

where P is precipitation, R is runoff, ΔS is the change in storage, AE is actual evaporation, AT is
actual transpiration, and NP is net percolation. All components of the active zone water balance
can be expressed as a unit flux (e.g. m3/day/m2, or mm/day) or as a volume of water calculated
from the integration of these rates over a fixed time interval (e.g. daily or annually). In the latter
case, the units are mm, or an average rate over the time interval reported as mm/time (e.g.
mm/day, mm/year). The depth units refer to a volume of water per unit surface area.
Ideally, all of the terms added together should result in a zero residual (Equation 2.8) so that all
water in the system is accounted for. Generally, it is not possible to directly measure all
components of a water balance (Marcoline, 2008), and occasionally parameters may need to be
estimated from field measurements.
Surface runoff from uncovered waste rock piles is uncommon at high elevations (Carey, et al.,
2005, Neuner, 2009), owing in part to the unsaturated nature of waste rock and the gradation of
the material. Neuner (2009) observed ponding of water on the surface of a waste rock test pile at
Diavik due to frozen soil conditions within the waste rock pile, but this water did not generate
large-scale surficial runoff and rather flowed over the surface to localized depressions with airfilled pores. The lack of large-scale surface runoff for waste rock piles has resulted in the removal
of the parameter from the water balance equation, resulting in the following:

H − ∆4 − KL − KM − NH = 0

(2.9)

When averaged over extended time periods (e.g. years), changes in storage within the waste rock
are minimal (Bay, 2009, Neuner, et al., 2013, Nichol, et al., 2005) and the storage term can also
be excluded from the water balance. Net percolation associated with the flushing of waste rock
can therefore be interpreted as the difference between precipitation and actual evapotranspiration
(Equation 2.10).

NH = H − KL − KM

(2.10)

Utilizing Equation 2.10, net percolation into and through a waste rock pile can be determined
using parameters frequently measured for hydrological applications. In situations where the
surface of the waste rock pile has not been reclaimed and is therefore unvegetated, AT can be
excluded, and the equation for determining net percolation can be further simplified.
2.5.1.1 Precipitation
Precipitation is typically divided into snow, measured as snow water equivalent (SWE), and
rainfall. SWE is the equivalent depth of water of a snow cover, and is dependent on the density of
the snowpack being considered (Dingman, 2002). O’Kane Consultants Inc. and BGC
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Engineering Inc. (2013) compiled annual precipitation data at the Fording River Operations in
Teck, with values ranging from 530 – 950 mm per year. The variability in precipitation type and
amount is likely related to site elevation. Barbour, et al. (2016) developed an approximate lapse
rate for the Elk Valley region of -0.48°C / 100 m and +21 mm / 100 m. These lapse rates can be
applied to constrain the amount of precipitation at a particular waste rock pile based on available
data from other monitoring stations in the Elk Valley. Given limitations in the accuracy of a lapse
rate applied to sites at distance from the original monitoring point, such as the Environment
Canada station in Sparwood, the lapse rate should only be applied to sites where there is no
measured hydrologic data available.
2.5.1.2 Potential and Actual Evapotranspiration
Potential evaporation (PE) or evapotranspiration (PET) can be estimated using a number of
methods. Conventional methods and equations have been developed by Penman (1948), Monteith
(1965), Priestley and Taylor (1972), Thornthwaite (1948), and Granger and Gray (1990). All
methods require meteorological data such as net radiation, relative humidity, and wind speed, to
determine the amount of evapotranspiration, but utilize different assumptions.
Actual evaporation from a bare waste rock surface will only be a fraction of PET since it is
difficult to draw stored water from depth to the evaporative surface as the soil surface dries (Bay,
2009). The amount of PET that is taken up by AE can vary widely, as AE is dependent on both
climatic conditions and the soil properties the govern flow, such as hydraulic conductivity
(Wilson, et al., 1995). Therefore, use of these calculated parameters requires the closure of the
more detailed water balance expressed in Equation 2.4, monitoring and applying changes in
storage, and considering minor amounts of surface runoff.
AET can be measured accurately in the field using monitoring systems such as the Eddy
Covariance system (Carey, et al., 2005, Carey and Quinton, 2005). These measured values can be
used in calculating net percolation from a water balance as described by Equation 2.10.
2.5.1.3 Net Percolation
The majority of the available literature on the water balance of waste rock piles includes
infiltration as a component of the water balance. Net percolation is a term synonymous with net
infiltration, but is used to make a clear distinction between net infiltration and surface infiltration
(Marcoline, 2008). Net infiltration, or net percolation, refers to water that infiltrates the waste
rock pile to depths beyond the influences of evapotranspiration, where surface infiltration is
water that percolates across the surface of the waste rock, a portion of which may be later
removed through evapotranspiration (Marcoline, 2008). Care has to be taken in the review of
literature related to water balances to consider the limits of analysis, and whether the use of the
term ‘infiltration’ refers to net or surface infiltration.
Determining net percolation in waste rock piles in the Elk Valley is particularly challenging.
Other studies (Marcoline, 2008, Nichol, et al., 2005, Smith, et al., 1995) have been conducted to
estimate net percolation within waste rock piles; however, nearly all of these studies required the
use of extensive instrumentation to intercept and measure percolated water. Estimating net
percolation on a commercially sized, pre-constructed waste rock pile is not feasible, given the
inability to easily instrument the pile in the same manner post-construction. The estimation of net
percolation cannot be completed by measuring rates of outflow from waste rock piles
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(particularly head-of-valley fills) either, as there is an additional groundwater component to the
flow that is difficult to separate out. Therefore, it is advantageous to use a reduced version of the
water balance (Equation 2.6), which expresses net percolation in terms of easily measured
components of the water balance.
Estimations of net percolation for sites in the Elk Valley have been made by Jamieson, et al.
(2013) based on mean annual precipitation (Table 2.4). O’Kane Consultants Ltd. estimated these
values for varying material types and slope aspect ratios (O’Kane Consultants Inc., 2014). The
resultant estimates are highly simplified since both net percolation and the vertical flow rate
through the pile can vary greatly with heterogeneities.
Table 2.4 Mean Annual Precipitation for Teck Elk Valley Operations (Jamieson et al., 2013)
Operation
Fording River Operations
Greenhills Operations
Line Creek Operations
Elkview Operations
Coal Mountain Operations

Mean Annual
Precipitation
(mm)
930
856
880
733
733

Mean Annual Net Percolation
(40% of Mean Annual Precipitation)
(mm)
372
342
352
293
293

These estimates are based on piles of both waste rock and coarse coal rejects, and a variety of
slope aspects. Coal Mountain Operations does not have a site-specific mean annual precipitation
value, and therefore the annual precipitation for the nearest mining operation (Elkview) was used.
The local temperature and precipitation lapse rates determined by Barbour, et al. (2016)
are -0.48°C / 100 m and +21 mm / 100 m. Given an approximate elevation at Sparwood of
1,138 m (Environment Canada, 2018) with 613 mm of average annual precipitation, the
approximate precipitation at Coal Mountain Operations at an elevation of 1,596 m (Day, et al.,
2010) is 729 mm.
Villeneuve, et al. (2017) used discharge rates from the base on a waste rock pile at Line Creek
Operations to estimate net percolation into the waste rock as a function of the contributing natural
and waste rock areas. Estimations made by Villeneuve, et al. (2017) were comparable to the
monitored values reported by O’Kane for the 2013, 2014, and 2015 water years (O’Kane
Consultants Inc., 2014 , O’Kane Consultants Inc., 2015, O’Kane Consultants Inc., 2016), given
the estimation of base flow for the West Line Creek alluvial aquifer based on a mean hydraulic
conductivity (Szmigielski, 2015). The estimates from the 2013 Water Year are summarized in
Table 2.5 (below).
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Table 2.5 Water Balance Variables (O’Kane Consultants Inc., 2014, (O’Kane Consultants Inc.,
2015, O’Kane Consultants Inc., 2016)
Operation
Fording River Operations
Greenhills Operations
Line Creek Operations
Elkview Operations
Notes:

Mean Annual
Mean Annual Net
Precipitation
Percolation
(mm)*
(mm)
FR_CSP (1,690 m)
697
405
FR_TSP (1,800 m)
728
492
GH_NTW (1,800 m)
853
667
LC_BHE (2,150 m)
998
752
LC_RHE (2,075 m)
995
663
LC_RME (1,790 m)
858
600
EV_BRD (1,470 m)
787
362
* Mean annual precipitation is based on the sum of rainfall and snow
melt (2013-2015)
Monitoring Site
(Elevation in m asl)

No information was available for sites at Coal Mountain Operations as part of the OKC report.
All seven monitoring sites lacked vegetative cover, representing the annual net percolation on
smooth or harrowed waste rock surfaces. There is a noticeable difference in the mean annual net
percolation determined by OKC when contrasted with the values from Jamieson, et al. (2013).
Flushing Efficiency
The presence of preferential flow within waste rock piles allowing for spatially variable
concentrations and rapid flow rates under high saturation conditions creates a unique problem in
determining how quickly a given waste rock pile will flush chemical constituents of interest from
the pile. While the calculation of residence time is helpful, it is not always accurate for an
unsaturated waste rock pile, where water flows continually through the matrix, and can be stored
in macropores only to be activated during periods of high flow.
Studies have been completed at key mining locations with waste rock test piles and prototype
piles to analyze the flow response of water through these heterogeneous structures. An
understanding of the flushing efficiency and mechanisms by which waste rock piles are flushed
has been developed through the use of tracer tests. The applied tracer varies with waste rock
composition and the ease of analysis.
Mahmood, et al. (2017) summarized leaching efficiencies of nitrate from waste rock humidity
cells, leach pads, and rock drains. This study found that low leaching efficiencies (55% - 70%)
were associated with smaller volumes of waste rock. Higher leaching efficiencies were
anticipated for deeper field profiles with larger volumes of waste rock (Mahmood, et al., 2017).
Appels, et al. (2018) found that, for simulations of Elk Valley waste rock, the leaching efficiency
through the first pore volume of water was approximately 80% - 90% for resident CIs. The
significant increase in leaching efficiency observed by Appels, et al. (2018) may be due to the
lack of dry period following waste rock pile construction, or the lack of modelled stagnant zones
within the waste rock.
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2.5.2.1 Constructed Pile Experiment, Cluff Lake, Saskatchewan
A lithium chloride tracer was applied to the CPE at the Cluff Lake Mine in northern
Saskatchewan (Nichol, et al., 2005). Water movement through the pile was monitored using 16
basal lysimeters (2 m by 2 m), as well as three vertical instrument profiles, which allowed matric
suction, moisture content, and measurement of soil water to be monitored as it passed the
instrumentation location. The tracer was applied in one artificial rainfall event lasting three hours.
While a peak in chloride concentration was observed within hours of the application, the center
of mass of the applied tracer arrived between 0.5 and 0.65 m of cumulative outflow flux from the
lysimeters. The peak in overall chloride concentration occurred well in advance of the first pore
volume.
Differences in peak flow rates and concentration peaks for the applied tracer across the lysimeters
highlight which lysimeters host preferential flow paths. The occurrence of a peak in chloride
tracer concentration within hours of the tracer application is indicative of the presence of
macropores or preferential flow pathways in at least some of the lysimeters. Nichol, et al. (2005)
estimated that only 0.1% of total outflow volume from the CPE in response to the tracer test was
influenced by preferential flow pathways, with the balance associated with more piston-like flow
through the matrix or capillarity dominated pores.
The rate of tracer recovery declined after the peak in concentration was observed (see Figure 2.9,
below). The estimate of 0.5 to 0.65 m cumulative outflow flux corresponds to a residence time
within the waste rock pile that can only be accurate if matrix flow dominates (2.0 – 2.5 years at
high rainfall rates, 3.0 – 3.9 years at average annual rainfall rates; Nichol et al., 2005).

Figure 2.11: Cumulative tracer recovery normalized to total mass of applied tracer (from Nicol et
al., 2005)
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2.5.2.2 Diavik Test Piles, Diavik Diamond Mine, Northwest Territories
Researchers at the Diavik diamond mine in the Northwest Territories utilized compounds that
occurred as part of the flushing of waste rock to monitor the movement of water through three
test piles. The application of five artificial rain events in 2007 to promote water movement and
induce flushing mobilized chemical constituents and initiated redox reactions. There was a sharp
decrease in concentrations of key blasting derived constituents (NO3, NH3, and ClO4-) noted in
August 2008 (Bailey, et al., 2013) indicative of the first flush of pore water through the finergrained matrix material of the piles.
The freezing of the entirety of the test piles in the winter complicates this experiment, so that
there is not continual flow year-round. The freezing of the pile, in fact, dominates the hydrology
at the site (Amos, et al., 2015). However, there is still sufficient evidence to support the
dominance of matrix flow, with small relative impacts of preferential flow within the waste rock
test piles (Neuner, et al., 2013). Little evidence exists to suggest preferential flow exists at Diavik
(Amos, et al., 2015).
2.5.2.3 Experimental Waste Rock Piles, Antamina, Peru
Blackmore, et al. (2014) utilized a lithium bromide tracer at a test pile in Antamina, Peru in
conjunction with two column tests as part of a larger study to determine how dual porosity flow
can be most effectively modeled. Water movement through the chosen test pile was captured by
one large basal lysimeter defined by a geomembrane, as well as three smaller sub-lysimeters.
Measurements for the study completed by Blackmore, et al. (2014) came from the central sublysimeter of the pile.
The tracer was applied in one event lasting five hours that resulted in 24 mm of applied rainfall.
Bromide was initially measured three days following tracer application, with a maximum
normalized concentration (C/Co = 0.09) occurring 9 days following application. This early arrival
indicated that preferential flow was taking place at points within the pile (Blackmore, et al.,
2014), but as observed at Diavik, only represents a small fraction of the total applied mass
(0.1%). The mean residence time for the bromide tracer was 295 days.
Researchers observed that the concentration of the tracer decreased over the remainder of the
experiment in a manner known as tracer tailing, where there is mass exchanged between regions
of different porosity and therefore mobility (i.e. coarser- and finer-grained regions)(Blackmore, et
al., 2014).
2.5.2.4 Summary of Case Studies
All three studies discussed above provide evidence from either applied or resident tracer tests that
preferential flow plays a minimal role in the transport of water and chemical constituents through
heterogeneous piles of waste rock. While the mean residence time varies between piles due to
differences in overall scale, construction method, and mineral composition, similarities include a
peak in chemical concentration shortly after applied rainfall and far in advance of the center of
applied tracer mass.
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CHAPTER 3 MATERIALS AND METHODS
This chapter provides an overview of the study areas and a description of the methods used to
collect and interpret the site specific waste rock pile construction chronology and historical site
rock drain flow and chemistry data. The conceptual and analytical modelling approach used to
simulate CI flushing from the piles is also presented in this chapter.
3.1 Mining Operations in the Elk Valley
Teck operates five surface mining operations in the Elk Valley, southeastern British Columbia
(Figure 3.1). From north to south, the operations are the Fording River Operations (29 km
northeast of Elkford, B.C.), Greenhills Operations (8 km northeast of Elkford, B.C.), Line Creek
Operations (25 km north of Sparwood, B.C.), Elkview Operations (3 km east of Sparwood, B.C.),
and Coal Mountain Operations (30 km southeast of Sparwood B.C.; Table 3.1).

Figure 3.1 Locations of Elk Valley Mine Sites (Villeneuve, et al., 2017)
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Table 3.1 Summary of Mining Operations in the Elk Valley, British Columbia
Mine
Fording River Operations
Greenhills Operations
Line Creek Operations
Elkview Operations
Coal Mountain Operations

Abbreviation
FRO
GHO
LCO
EVO
CMO

Start of Operations
1972
1982
1981
1969
1897

Historically, coal mines in the Elk Valley have been owned and operated by different mining
corporations prior to the establishment of the Elk Valley Coal Partnership (EVCP) in 2003. In
2008, Teck purchased Fording Coal Ltd. and their shares in the EVCP, and now maintains the
primary interest in all of the Elk Valley coal operations.
Operations at Fording River have been ongoing since 1972. Fording Coal Ltd. originally operated
the mine, prior to the amalgamation of all of the Elk Valley coal mines into the EVCP in 2003,
which included Teck Resources Ltd. (formerly Teck Cominco).
Mining at GHO began in 1982. The mine was originally operated by Westar Mining. Partial
ownership was later transferred to Fording Coal Ltd., who maintained an 80% interest; Pohang
Steel Canada Ltd. made up the remainder of the ownership interest. Fording Coal Ltd.’s interest
in Greenhills Operations was transferred to the EVCP in 2003, and Teck Resources Ltd. in 2008.
Pohang Steel Canada Ltd. still maintains a 20% interest in GHO.
Mining at Line Creek Operations began in 1981. Ownership of the mine has changed a number of
times throughout its history. Westar Group Limited established operations at Line Creek in 1981,
and operated the mine until 1991. Subsequent owners included Manalta Coal Limited (1991 –
1998) and Luscar Limited (1998 – 2003) (Wilson, 2002). The formation of the EVCP in 2003
saw the ownership of LCO change once more. Subsequently, Teck Resources Ltd. acquired
shares of the EVCP from Fording Coal Ltd. in 2008, and has the primary interest in LCO today.
Mining at EVO began in 1969 when Kaiser Steel Corporation began mining coking coal.
Subsequent owners include Westar Group Limited (1980), and Teck Cominco Ltd. (1992).
Elkview Operations became part of the EVCP in 2003. Teck Resources Ltd. currently owns a
95% share in the operations. The remaining 5% is split between two international investors, who
became involved in 2005.
Underground mining at Coal Mountain Operations began in 1897. The ownership of the mine has
changed extensively during active mining at CMO. Corbin Coke & Coal Company Limited
operated CMO from 1897 – 1931. Subsequent owners included Corbin Collieries Limited (1931
– 1942), Consolidated Mining & Smelting (1943 – 1972), Byron Collieries (1972 – 1981), and
Esso Resources (1981 – 1994) (Wilson, 2002). Further changes in ownership included acquisition
of CMO by Fording Coal Ltd. in 1994, and the formation of the EVCP in 2003. As part of the
EVCP, Fording Coal Ltd. retained a 60% share in CMO, and Teck Cominco acquired the
remaining 40%. In 2008, Teck Resources Ltd. bought out Fording Coal Ltd., and retains the
primary interest in mining at CMO.
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3.2 Description of Study Sites
Information regarding the construction and sequencing of waste rock placement in catchments
was synthesized from internal reports provided by Teck. The initial goal was to generate
sufficient information to create complete construction histories, including a topographic profile of
the waste rock pile at five-year intervals, for three or more rock drain sites representing rock
drains of a variety of ages and construction methods.
Complications associated with ownership changes, as well as with record keeping and lack of
reporting standards, made this goal untenable. The information available for each site varied,
largely due to the complex historical chain of ownership of each of the mine sites. Additionally,
due to the changing ownership of each of the mines, the types of records available for review and
the level of detail are inconsistent between the sites. Sources for information regarding each of
the study sites included internal reports, publicly available reports, historic topographic profiles,
and information summarized by third parties (e.g. consultants and researchers). The available
data for each study site has been presented in the sections that follow. A complete breakdown of
the data acquisition process is available in Appendix A.
As part of ongoing compliance monitoring, Teck regularly monitors rock drains for flow and
collects samples for chemical analysis. Teck databases were accessed for the period from 1994 to
2014. The frequency of sample collection varied with site location: in some cases, samples were
taken daily, while at other sites they were hundreds of days apart. A summary of the major ion
geochemistry and the availability of geochemical data is provided in Appendix B.
The geochemical analyses completed varied for the period accessed. Compliance samples
collected prior to the early 2000’s by Teck personnel did not consistently include the analysis of
sulphate or selenium. These parameters were analyzed on a more frequent basis following the
identification of high concentrations of selenium in the Elk River in 1995.
Sites were evaluated based on the following criteria to determine their suitability for additional
analysis:
•
•
•
•

The monitoring location for the site was less than five kilometers downstream of the outlet of
the rock drain to minimize the potential that the flows and chemistry were affected by downgradient site conditions;
The monitored chemistry data included selenium, sulphate, and nitrate;
Flow data for a given monitoring location was sufficiently frequent to capture both high and
low flow conditions; and
All data was available for a minimum of 10 years

Eleven rock drains in Teck operations were initially assessed to characterize the geochemistry of
waste rock effluent (Figure 3.2). These rock drains represented outflows from waste rock piles
over a range of ages (24 y to more than 50 y). The selected rock drains represent all five mining
operations in the Elk Valley, and capture various construction techniques (e.g. head-of-valley fills
and cross-valley fills) and depositional methods (e.g. end dumping and push dumping). The study
sites were selected in collaboration with the environmental officers at each of the mines. Each of
the eleven rock drain sites had sufficient geochemical data to complete interpretations and
analyses of the trends for individual CIs, as well as the ratios between selected CIs to provide
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insight into the internal processes of the waste rock piles. Information regarding catchment area,
waste rock volume, and percent of coverage have been provided where it is available. As
indicated previously, the record keeping between mine sites was inconsistent, complicated by
changes in ownership.
Of the eleven sites, only two (West Line Creek and Bodie Creek) were determined to have
sufficient data on the chronology of waste rock pile construction to merit analytical
interpretations of the controls on CI release. The rock drain construction at both of these sites is
well documented. In addition, these waste rock piles were two of the sites that were drilled and
sampled as part of the Applied Research and Development program and consequently have sitespecific information on volumetric water content, grain size distribution, and geochemistry. The
West Line Creek waste rock pile was constructed over a long period of time (~ 30 years) and has
operated as a flow-through waste rock pile, while the Bodie Creek waste rock pile was
constructed within 6 years and has always operated as a head-of-valley fill.

Figure 3.2: Spatial distribution of rock drain study sites in the Elk Valley (Google Earth Pro,
2018)
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Site specific information was collected for each of the eleven selected study sites. Information
included, but was not limited to, the following:
•
•
•
•
•

Start and end dates (where available) for waste rock deposition in the catchment;
Total catchment area;
Volume of waste rock in the catchment in bcm;
Chronology of waste rock deposition in the catchment, including the type of waste rock pile
construction; and
Water chemistry and flow data.

A summary of the available information for each site is provided in Table 3.2. A detailed
discussion of information for each site is provided in the following sections.
Table 3.2 Summary of Rock Drain Study Sites in the Elk Valley as of 2014
Operation
FRO

GHO

LCO

EVO

CMO
Notes:

Study Site

Start Date

End Date

Kilmarnock
1980
ongoing
Creek
Swift Creek
1980
ongoing
Cataract
1971
ongoing
Creek
Porter
1982
2008
Creek
Greenhills
1982
ongoing
Creek
Thompson
1988
ongoing
Creek
Line Creek
1990
unknown
West Line
1981
ongoing
Creek
Bodie/Gate
1993
1999
Creek
Erickson
1969
ongoing
Creek
Corbin
1985
ongoing
Creek
FT – flow-through rock drain
HOV – head-of-valley rock drain

Volume of Waste Rock
(bcm; 2011)

Pile Type

1x109

FT

1x108

HOV

6x108

HOV

8x107

HOV

1x108

HOV

8x107

HOV

1x108

FT

2x108

HOV

3x108

HOV

4x109

HOV

2x109

FT

Kilmarnock Creek Rock Drain (FRO)
The Kilmarnock Creek catchment has been used to store waste rock since 1980 (Fording River
Operations, 2011) and is still actively being used to store waste rock from mining. As of 2011,
the catchment reportedly contained over 1.1x109 bcm of waste rock (Fording River Operations,
2011).
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Kilmarnock Creek is one of two flow-through rock drains in the Elk Valley, the other one being
the West Line Creek rock drain at Line Creek Operations. The headwaters of Kilmarnock Creek
are located upstream of the rock drain, so the creek collects water from undisturbed watersheds
above and below the rock drain. Surficial failures of the waste rock pile since 2013 resulted in the
inadvertent covering of part of Kilmarnock Creek and the subsequent creation of ponds upstream
of the main rock drain (Sherven, 2014). The monitoring and sampling point for the Kilmarnock
Creek rock drain is provided as Figure 3.3.

➤

Brownie Creek drains into the headwaters of Kilmarnock Creek; however, since the Brownie
Creek catchment contains waste rock from mining operations, the chemistry of the water
upstream of the Kilmarnock Creek rock drain is not representative of background conditions.

N

3 km

Image © 2018 DigitalGlobe
Image © 2018 DigitalGlobe

Figure 3.3 Kilmarnock Creek rock drain sampling location (Google Earth Pro, 2018)
Swift Creek Rock Drain (GHO)
The rock drain at Swift Creek is considered to be the first rock drain constructed in the Elk
Valley. Construction of the Swift Creek rock drain occurred between 1980 and 1982 (Lane, et al.,
1986). Characterization of the waste rock that was historically deposited into the Swift Creek
rock drain is complicated by the fact that both GHO and FRO contribute waste rock to the
catchment at varying points. The overall catchment size is approximately 8.4 km2 (Jamieson, et
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al., 2013). As of 2012, approximately 2.1x108 bcm of waste rock from both mines was being
stored within the catchment (Fording River Operations, 2011, Greenhills Operations, 2008). The
Swift Creek catchment is reportedly still receiving waste rock from the Cougar South pit of
Greenhills Operations (Charest, 2014).

➤

The Swift Creek rock drain is a head-of-valley fill. A diversion was installed in 2012 to direct
water from the headwaters of the Swift Creek catchment around the waste rock, and into
sediment ponds located downstream of the rock drain. Flows from both the rock drain and the
diversion are monitored at these ponds separately (Stickney, 2014). The monitoring and sampling
point for the Swift Creek rock drain is presented in Figure 3.4, with respect to the Kilmarnock
Creek sampling location.

N
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Figure 3.4 Swift Creek rock drain sampling location (Google Earth Pro, 2018)
Cataract Creek Rock Drain (GHO)
The Cataract Creek catchment contained over 6x108 bcm of waste rock in 2012 with
contributions from both FRO and GHO (Fording River Operations, 2011, Greenhills Operations,
2008). According to available documentation (Fording River Operations, 2011), FRO began
dumping waste rock into the catchment in 1971. There is a discrepancy between this reporting
and the start of operations for FRO. However, it is clear that the Cataract Creek catchment has
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been used for the storage of waste rock for over 40 years. The total catchment area of Cataract
Creek is approximately 5.8 km2. Approximately 78% of the catchment has been filled with waste
rock (Jamieson, et al., 2013).

➤

The monitoring point for Cataract Creek is uniquely located below a second rock drain of
limestone (Golder Associates Ltd. , 1992), which was designed as a containment berm for
possible debris flows from further up the catchment (Figure 3.5). The chemistry of the waste rock
effluent is expected to change as a result of flow through the limestone rock drain as calcium
carbonate is dissolved. However, the chemical signatures of interest to this research are not
expected to be adversely impacted.
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Figure 3.5 Cataract Creek rock drain sampling location (Google Earth Pro, 2018)
Porter Creek Rock Drain (GHO)
The Porter Creek catchment received waste rock between 1982 and 2008 (Greenhills Operations,
2008). As of 2008, the 2 km2 catchment contained 8.0x107 bcm of waste rock. The head-of-valley
waste rock pile at Porter Creek has reportedly not received any additional waste rock since 2008
(Stickney, 2014). The monitoring and sampling location for the Porter Creek rock drain, with
respect to the Cataract Creek rock drain monitoring point, is presented in Figure 3.6,
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➤
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Figure 3.6 Porter Creek rock drain sampling location (Google Earth Pro, 2018)
Greenhills Creek Rock Drain (GHO)
The Greenhills Creek catchment has reportedly been receiving waste rock since the start of
operations in 1982 (Greenhills Operations, 2008). The catchment contains waste rock, as well as
coarse coal rejects and tailings rejects. As of 2008, approximately 1.2x108 bcm of waste rock was
being stored within the catchment. The monitoring and sampling location for the Greenhills
Creek rock drain is shown in Figure 3.7; note the distance from the rock drain to the sampling
location. The rock drain is difficult to access, and therefore a sample is collected from the pond
decant, approximately six kilometers downstream.
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Figure 3.7 Greenhills Creek rock drain sampling location (Google Earth Pro, 2018)
Thompson Creek Rock Drain (GHO)
The Thompson Creek rock drain was formed by the deposition of waste rock at the Cougar West
spoil (Figure 3.8). The catchment has been used as a research catchment by both the University
of Saskatchewan and McMaster University. Deposition of waste rock into the Thompson Creek
catchment began in 1988. As of 2008, there is approximately 8.0x107 bcm of waste rock in the
catchment.
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Figure 3.8 Thompson Creek rock drain sampling location (Google Earth Pro, 2018)
Line Creek Rock Drain (LCO)
Construction of the Line Creek rock drain began in September 1990, and was well documented
by Piteau Engineering Ltd. (Piteau Engineering Ltd., 1993, Piteau Engineering Ltd., 1997). An
extension to the original rock drain was added upstream in 1994. A high degree of quality control
and construction supervision was employed in the construction of both the Main Rock Drain
(MRD) and the Rock Drain Extension (RDE), with high quality sandstone spoiled from a
minimum height of 20 m to form the drain.
Since 1998, ongoing waste rock deposition has joined the two waste rock piles, creating one large
rock drain. The resulting Line Creek rock drain represents a second flow-through rock drain in
the Elk Valley. The catchment area of Line Creek is approximately 59 km2, and contains 1.0x108
bcm of waste rock (Line Creek Operations, 2011). The rock drain is an important part of the
landscape at LCO, as the main haul road and the site offices are located over the rock drain.
Line Creek exits the rock drain as a braided channel. The downstream monitoring point for the
Line Creek rock drain represents the geochemistry of the effluent, but not the flow, as the
monitoring point is located in one of many channels (Figure 3.9).
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Figure 3.9 Line Creek rock drain sampling location (Google Earth Pro, 2018)
West Line Creek Rock Drain (LCO)
The West Line Creek catchment is part of the larger Line Creek catchment; West Line Creek
discharges to Line Creek downstream of the Line Creek monitoring point. Construction of the
West Line Creek rock drain began in 1981. The waste rock pile at West Line Creek extends the
length of the valley; is approximately 3.5 km long and up to a kilometre wide (Shatilla, 2013).
Natural areas west of the waste rock pile discharge water to the rock drain (Conroy, et al., 2014).
The approximate volume of waste rock in the West Line Creek catchment was 2.1x108 bcm in
2011 (Line Creek Operations, 2011). Roughly 25% of the 10 km2 catchment is covered by waste
rock (Villeneuve, et al., 2017). At various points throughout construction, portions of the surface
have been reclaimed and, in some cases, covered again with waste rock.
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Figure 3.10 West Line Creek rock drain sampling location (Google Earth Pro, 2018)
West Line Creek was well monitored through construction and subsequent operations (Figure
3.10). Villeneuve, et al. (2017) compiled a construction history of West Line Creek using
topographic profiles (Figure 3.11). This data was used to develop a two-dimensional section of
West Line Creek for use in a modelling environment to approximate waste rock placement at a
lower resolution than prepared by BGC Engineering Inc. (2013).
Bodie Creek and Gate Creek Rock Drains (EVO)
The Bodie Creek and Gate Creek rock drains, while separate, are best discussed concurrently as
the waste rock piles were constructed simultaneously. Construction occurred primarily between
1993 and 1999, and was highly engineered with control over both rock quality and deposition
practices (Golder Associates Ltd. , 1992). According to waste rock volume estimates provided by
Teck, waste rock has been added to the Bodie Creek catchment since the end of construction
(Elkview Operations, 2011). This is reportedly in the higher reaches of the catchment, where
mined out pits are now being filled (Wong, 2014).
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Figure 3.11 LCO-WLC Dump Footprint and Thickness (Villeneuve et al. 2017)
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The combined catchment area of Bodie Creek and Gate Creek is approximately 9 km2. As of
2010, the catchments collectively contained approximately 2.9x108 bcm of waste rock (Elkview
Operations, 2011). The majority of the Bodie Creek and Gate Creek waste rock piles have been
reclaimed and vegetated. Records from Teck (Elkview Operations, 2011) do not provide
independent measurements of waste rock storage for the Gate Creek catchment. Each rock drain
has its own discharge and measurement points; however, excess flow from the Bodie Creek rock
drain is directed to the Gate Creek rock drain. Additionally, water from the mine pits northeast of
the waste rock piles is intermittently discharged into the Bodie Creek waste rock pile, affecting
flows and water chemistry (Barbour, et al., 2016). The monitoring and sampling point for Bodie
Creek, as part of this research, is provided in Figure 3.12.

N

There were regular construction reports completed during construction that indicate the
topographic profiles of benches of waste rock and approximate waste rock volumes in the
catchments. Using LiDAR data obtained from contacts at Bodie Creek, three topographic profiles
were developed for the waste rock pile. The rough sections are provided in Figure 3.13.
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Figure 3.12 Bodie Creek rock drain sampling location (Google Earth Pro, 2018)
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Figure 3.13 Cross-sections along the axis of the Bodie Creek rock drain
Erickson Creek Rock Drain (EVO)
Waste rock has been stored in the Erickson Creek catchment since 1969. As of 2010, nearly
4.0x109 bcm was being stored in the 24 km2 catchment (Elkview Operations, 2011). Waste rock
is reportedly still being added to the catchment (Moore, 2014). The monitoring and sampling
location for the Erickson Creek rock drain is shown in Figure 3.14.
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Figure 3.14 Erickson Creek rock drain sampling location (Google Earth Pro, 2018)
Corbin Creek Rock Drain (CMO)
Construction of the Corbin Creek rock drain began in 1985. As of 2013, over 1.8x108 bcm of
waste rock was being stored in the catchment (Coal Mountain Operations, 2014). The Corbin
Creek rock drain is a flow-through rock drain. The entire catchment area of Corbin Creek is
approximately 17 km2, roughly 3.1 km2 of which is covered by waste rock (Jamieson, et al.,
2013). Waste rock from mining operations is reportedly still being actively contributed to this
catchment (Wade, 2014). The monitoring and sampling location for the Corbin Creek rock drain
is presented in Figure 3.15.
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Figure 3.15 Corbin Creek rock drain sampling location (Google Earth Pro, 2018)
3.3 Hydrology in the Elk Valley
The Elk Valley has a continental climate, characterized by low relative humidity, and varying
temperature and precipitation (Shatilla, 2013). Average annual temperatures in the Elk Valley
range from -7.7°C in December to 16°C in July (Environment Canada, 2018), with extremes as
high as 37°C and as low as -40°C. The mean annual precipitation at lower elevations in the Elk
Valley ranges from 600 mm to 800 mm (Barbour, et al., 2016, Shatilla, 2013, Villeneuve, et al.,
2017). Villeneuve, et al. (2017) identified a lapse rate of -0.48°C / 100 m and +21 mm / 100 m
for waste rock piles in the Elk Valley, with respect to the Sparwood station at 1,138 m
(Environment Canada, 2018).
O’Kane consultants provide regular reporting and synthesis of meteorological parameters as well
as a water balance for 12 monitored sites in their reports entitled: ‘Water Year – Annual
Meteorological, Soil Moisture, and Near-Surface Water Balance Reports’ (O’Kane Consultants
Inc., 2014 , O’Kane Consultants Inc., 2015, O’Kane Consultants Inc., 2016). These reports
summarize site specific hydrological parameters such as precipitation, net percolation, measured
actual evapo(transpi)ration, and storage at the monitoring locations maintained by O’Kane
Consultants Ltd. (OKC). Of the twelve sites included in the assessments by OKC, only two sites
selected for this research were included – West Line Creek and Bodie Creek. Data such as
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precipitation averages, actual evapotranspiration, and net percolation for these two sites were
taken from this report.
There were three monitoring points for the West Line Creek rock drain at various elevations. The
various monitoring points at West Line Creek represent three different elevations of waste rock,
as well as varying surface conditions (bare versus reclaimed). The selection data used from the
OKC report is shown in Table 3.3.
Table 3.3 Water Balance Variables for West Line Creek and Bodie Creek Study Sites (O’Kane
Consultants Inc., 2014 )
Site
LC_BHE*
LC_RHE*
LC_RME*
EV_BRD*
Sparwood
Station

453
463
475
515

Snow
Melt
(mm/y)
485
483
340
190

Total
Precipitation
(mm/y)
998
995
858
787

452

204

612

Elevation
(m asl)

Rainfall
(mm/y)

2,150
2,075
1,790
1,470
1,138

AET
(mm/y)

Storage
(mm/y)

175
277
198
317

13
7
18
18

Net
Percolation
(mm/y)
752
663
600
362

N/A

N/A

N/A

All presented values for water balance variables at West Line Creek and Bodie Creek are based
on averages of water balance fluxes from 2013 to 2015. According to O’Kane Consultants Inc.
(2014 ), estimates of AET based on soil moisture and material properties were similar to those
from eddy covariance stations at the LC_BHE and LC_RHE. Values of net percolation were
presented as a percentage of the rainfall and snowmelt inputs. All other values from the study
sites were measured in the field (O’Kane Consultants Inc., 2014 ). Monthly values for the
Sparwood Station were collected from Environment Canada (2018) and averaged over the same
time period as the available OKC data.
3.4 Interpretation of Historical Rock Drain Flow and Chemistry Data
Historical water flow and chemistry data from the eleven rock drains selected in the Elk Valley
was compiled to identify and assess patterns of release for individual CIs, as well the ratios
between selected CIs. Developing an understanding of the relationship between CIs can provide
insight regarding the mechanisms (e.g. rates of flushing, oxidation reactions) taking place within
a waste rock pile.
All surface water chemistry data was collected and collated into spreadsheets for analysis.
Results from laboratory analysis of the surface water samples were graphed to identify patterns in
sulphate, selenium, and nitrate release. The two geochemical ratios used to synthesize this
chemistry data were the SO4/NO3 ratio and the Se/SO4 ratio. These ratios were calculated for all
rock drains in the Elk Valley. All relationships were plotted as a function of time to visually
identify relationships, patterns, and trends in the rock drain effluent.
The SO4/NO3 ratio was first used by Bailey, et al. (2013) to identify the presence of effluent
associated the with first pore volume of water within the pile following the completion of
construction at the Diavik diamond mine. Nitrate can be considered a conservative tracer, and
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consequently a drop in nitrate concentration while sulphate concentrations remain elevated due to
ongoing production within the pile signals the end of flushing of the first resident pore volume
following placement. Any flushing of sulphate following the increase in the SO4/NO3 ratio would
reflect new sulphate production as a result of oxidation of the waste rock following placement
(Hollings, et al., 2001).
The Se/SO4 ratio was first proposed by Day, et al. (2010) as an indicator of ongoing CI
production due to pyrite oxidation for waste rock piles in the Elk Valley, BC.
Raw geochemical data provided by Teck and the University of Saskatchewan was used to
determine the ratio of sulphate to nitrate and selenium to nitrate for each sampling event. Where
sulphate or selenium data was not available, no ratio was calculated. To make comparisons
between the sites, a single SO4/NO3 ratio representing flushing of the initial pore volume was
selected. Applying the ratio to measured nitrate concentrations produced theoretical sulphate
concentrations for each waste rock pile that could be compared to measured values to determine
whether in-situ oxidation was taking place. This was used as a basis for the production of
selenium in the waste rock piles, as selenium occurs at much lower concentrations than sulphate,
making it more difficult to analyze.
3.5 Modelling
Conceptual Model
The analytical modelling was undertaken at the West Line Creek and Bodie waste rock piles. The
conceptual model of CI flushing developed later in this thesis is based on steady state, piston like,
one-dimensional flow through the waste rock. Based on this model, conservative species such as
nitrate are displaced by water entering the waste rock pile (i.e. net percolation) and move through
the stored water volume within the waste rock pile (as defined by volumetric water content).
Reactive species such as sulphate are transported in a similar manner, but with a production term
applied to represent the ongoing oxidation of pyrite.
To represent the complex chronology and geometry of historical waste rock pile construction, the
waste rock piles were divided into blocks containing one or more lifts of waste rock. There was a
minimum of four vertical stacks for each waste rock pile. The width of the stacks along the axis
of the waste rock pile varied based on the depositional history, and this was accounted for in the
model. The height of each stack was variable with the thickness of waste rock between the
available topographic profiles. In general, a maximum lift thickness of 100 m was used for both
study sites (Villeneuve, et al., 2017).
The time (t) required for a slug of water to move vertically through a stack of waste rock is a
function of the volumetric water content of the waste rock, the average height of each lift, and the
net percolation through the waste rock pile. The transport time is calculated using:

P=

QRS∗/UVW/X
YZ

The flow time through an individual lift of waste rock is informed by the lifts above it, as the
upper lifts affect the flow of water.
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(3.1)

If the transit time for a chemical constituent was equal to the transport time from Equation 3.1,
the transport would be defined as ‘piston flow’ or in terms of efficiency, it would be a 100%
efficient advective transport. To accommodate for some preferential or bypass flow affecting CI
transport, a leaching efficiency was included in the model. The leaching efficiency was defined
as some percent of the resident mass that could be removed with one pore volume of water
displacement. For the first pore volume, this is based on the initial pore water concentration. The
available mass is iterated for subsequent pore volumes.
The production of CIs was accommodated by adding mass to the waste rock based on some
assumed production rate (e.g. mg/kg/week). The production rates were based on a review of
available literature and observed sulphate production values based on rock drain monitoring. For
example, the historical range of sulphate loading was in the range of 0.21 mg/kg/week for the
West Line Creek waste rock pile (SRK Consulting (Canada) Inc., 2014) to 91 mg/kg/week for
kinetic test cells taken from waste rock at Cluff Lake (Hollings, et al., 2001). These values are
based on small-scale experiments and estimations of properties based on effluent, and do not
necessarily reflect the bulk condition of the waste rock pile interior.
To avoid introducing complications associated with mixing from either upstream or adjacent
catchments, modelled CI concentrations were compared to concentrations under base flow
conditions. Under base flow, concentrations are at a peak, with no dilution from precipitation
from elsewhere in the catchment.
STELLA Description
STELLA (isee systems inc., 2014) was chosen to develop simple numerical models for the Bodie
Creek and West Line Creek waste rock piles and associated rock drains. STELLA is a simple,
systems-based model that uses stock and flow components to model systems of varying
complexity through causal loop diagrams. The main goal of STELLA is to create graphical
representations of dynamic system behaviors (isee systems inc., 2014).
The model is made up of three primary components: stocks, flows, and connectors (Figure 3.16)
(isee systems inc., 2014). Stocks (reservoirs, conveyors, ovens, and queues) report values at a
single point in time. Flows are responsible for the dynamic components of the system, and update
the magnitude of the stock value as the model progresses. Connectors provide the input and
output values for flows and stocks.

Figure 3.16: Stock and Flow Elements connected by a connector
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Systems of varying complexity can be developed using combinations of stocks, flows, and
connectors. STELLA allows the user to create causal loops and run simulations based on a
defined set of inputs. The user specifies the dynamic interactions between the various model
components by programming each flow to interact with the other elements. Stocks update based
on the balance of inflows and outflows at the end of each step. STELLA allows the user to move
through a simulation in individual time steps to analyze short and long-term results generated by
various scenarios.
Stocks were arranged in the model to represent lifts of waste rock in stacks. Stocks were
connected together in the modelling environment in series down the axis of the waste rock pile,
allowing artificial “mixing” in a theoretical aquifer underlying the waste rock. A simple overview
of the conceptual model in the modelling environment is provided in Figure 3.17.

Figure 3.17 Simple modelling environment example
Each block is representative of a layer of waste rock. The mixing blocks at the base of the
example are representative of a theoretical mixing layer. The outflow represents downstream
concentrations at the monitoring point, which is used to determine modelled effluent
concentrations.
While not shown here, the third dimension, perpendicular to the axis of the valley, was held as a
constant for all of the blocks to simplify modelling and is therefore not specified.
Modelling Environment
The STELLA model requires a number of inputs. These input parameters can be grouped as
follows: i) waste rock pile geometry, ii) hydrological inputs (volumetric water content, net
percolation, underlying aquifer porosity and thickness), and iii) geochemical and transport inputs
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(initial concentrations, sulphate production rates, and leaching efficiency). Each of the input
variables alters the model output in predictable ways. Each variable can be adjusted in isolation
or combination to produce patterns that provide a best-fit to the monitored data.
Waste Rock Pile Geometry
Increases in lift thickness have the greatest impact on the output of the STELLA model. As
indicated in Equation 3.1, increases in the height of waste rock have a direct impact on the time
required for one pore volume of water to flush through the pile. There is no alteration in effluent
concentration associated with changes in lift thickness.
Hydrological Inputs
As part of Equation 3.1, changes in the volumetric water content of the waste rock will alter the
transport time for a given slug of pore water to move through a lift of waste rock. Therefore, one
way to have effluent concentrations peak earlier is to reduce the volumetric water content of the
waste rock for a given NP.
Although net percolation has been monitored in the Elk Valley by Environment Canada at their
station in Sparwood, British Columbia, and by OKC at various stations at each mine, there is
flexibility in the selection of net percolation values for application to the modelling environment.
OKC has published annual water balance reports for 2013 through 2015 (O’Kane Consultants
Inc., 2014 , O’Kane Consultants Inc., 2015, O’Kane Consultants Inc., 2016), that capture
hydrological data from 12 stations representing five mine sites (Section 3.3). The hydrological
data includes precipitation, snow melt, runoff, actual evapotranspiration, and net percolation at
varying elevations. Villeneuve, et al. (2017) determined net percolation quantities for West Line
Creek for 2013, 2014, and 2015, which correspond to approximately 70-80% of average annual
precipitation. These net percolation values were lower than those estimated by OKC.
There is an inverse relationship between net percolation and transport time through waste rock
(Equation 3.1). In general, for sites with multiple hydrometric stations, the net percolation
increases with increased elevation, owing largely to increased snowfall. Correlating the
appropriate elevation data with the appropriate net percolation for each site has the potential to
significantly alter model results. Neither volumetric water content nor net percolation have an
impact on the concentration of a slug of water, only the timing of the slug moving through the
waste rock pile.
The theoretical mixing zone at the base of each waste rock pile is controlled by two parameters:
the volumetric water content of the mixing zone, and the saturated thickness. Changes to the
volume of water in this saturated layer do not affect the timing of the slug, but affect the
amplitude of the peak. Increases in the volume of water in the mixing zone will lower the peak
concentration of the outflow through dilution of the slug from the waste rock with fresh water,
while decreasing the volume of water in the mixing zone will increase the amplitude of the
outflow peak.
Geochemical and Transport Inputs
Initial concentrations, sulphate production rates, and leaching efficiency all impact the
concentration of the effluent only, with no impact on the timing of water movement through the
waste rock pile. Increases to any of these parameters are directly correlated with changes in the
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peak concentration of the modelled outflow. Each parameter represents an increase in mass
moving through the model.
Analysis
For each site, the model was run for combinations of five variables: leaching efficiency, initial
concentration, volumetric water content of the waste rock, and volume of the mixing aquifer.
Average annual net percolation was set at a constant value of 780 mm/y for West Line Creek,
because the waste rock pile has been continually added to with various stages of reclamation
since placement began.
At Bodie Creek, one net percolation value (750 mm/y) was used up to Y6 of the model. As per
O’Kane Consultants Inc. (2014 ), the net percolation for reclaimed Bodie Creek waste rock is
significantly lower due to less effective precipitation, higher water retention capacity, and
increased AET. The net percolation was reduced to 560 mm/y following Y6 of the model to
reflect the anticipated condition with vegetative cover holding more water and allowing for
increased vertical flow.
3.5.4.1 Nitrate Flushing Analysis
Leaching efficiency analysis in the modelling environment was completed at 5% intervals from
60% to 90%. For nitrate, three initial concentrations were used in the model: 100 mg/L, 125
mg/L, and 150 mg/L. These concentrations were based on research completed by Mahmood, et
al. (2017), that suggested the initial concentration of nitrate produced as a result of blasting was
approximately 100 mg/L.
Volumetric water content within the waste rock varied between the two study sites. The ranges of
volumetric water content values used in the model were based on analysis of drill core collected
by researchers at the University of Saskatchewan at each of the study sites (Barbour, et al., 2016).
For the West Line Creek rock drain, the volumetric water content of the waste rock was found to
be between 0.08 and 0.12. At Bodie Creek, the volumetric water content of the waste rock varies
between 0.04 and 0.08.
The mixing zone is a theoretical layer, which can be thought of as the lowest layer of waste rock
or the near-surface layer of the natural ground. The purpose of this layer in the modelling
environment is to mix fresh groundwater and water from the overlying waste rock prior to
discharge. The saturated thickness of the mixing layer was varied at a constant volumetric water
content of 0.3 to evaluate mixing volumes of 0.9 m3/m2 (1 m), 1.2 m3/m2 (4 m), and 1.5 m3/m2
(10 m), respectively.
3.5.4.2 Sulphate Production Analysis
Sulphate production for each site was analyzed using the variables from the model that best
matched the observed nitrate data. Therefore, the only other variables in the sulphate production
model are the initial sulphate concentration and the rate of production of sulphate.
The presence of sulphate in waste rock effluent in the Elk Valley can be attributed to the
oxidation of sulphide-bearing minerals (Stockwell 2002; Day et al. 2010) such as chalcopyrite,
sphalerite, and pyrite(Essilfie-Dughan, et al., 2017, Hendry, et al., 2015). As sulphate oxidation
does not occur within solid waste rock prior to blasting, the background concentration of sulphate
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is negligible. This has been confirmed through sampling completed by Teck upgradient of mining
activities. Consequently, there are no upstream sulphate contributions to the effluent for either
site, and no adjacent contributions from the cirques for West Line Creek.
The initial concentration of sulphate in literature varies with the geology and geochemistry of
individual sites. Initial sulphate concentration values in the model for each site were selected to
get a best fit for each model. As a starting point, the initial sulphate concentration was set as the
product of the site-specific SO4/NO3 and the initial concentration of nitrate from the nitrate
flushing model.
Model Limitations
As indicated in Section 3.5.1, the transport time that forms the basis for the model is limited to
strictly vertical flow. Given the structural variability of waste rock piles, it is understood that
horizontal barriers to vertical flow (i.e. capillary breaks) can be formed during construction,
which allow for lateral flow into other blocks. However, based on Appels, et al. (2018), under
transient flow conditions, the main flow direction in modelled waste rock piles is vertical, despite
the presence of horizontal barriers to flow.
Similarly, the model assumes equal flow path lengths for all net percolation. The model does not
account for drastic structural variation in the waste rock, which may result in lateral flow or air
pockets.
Model Fit
Given the number of variables required in the model it is not possible to confidently calibrate the
model to a single set of parameters. As a consequence, the ability of the model to replicate the
pattern of observed CI evolution for the simulated waste rock piles was evaluated by trial and
error simulations based on a sensitivity study. In the sensitivity study, a visually defined ‘best
case’ simulation was adopted. Each individual parameter was varied over a range of values
deemed reasonable based on available data and studies to evaluate the impact that this variable
had on the pattern of CI release derived from the best fit simulation. The most constrained
variables (i.e. source concentration and net percolation) were varied first, with the least
constrained variables (i.e. leaching efficiency and aquifer storage) varied at the end of the
calibration exercise.
To assess the fit of the model, the monitored and modelled concentrations for nitrate were
normalized to the initial concentration of the model run for comparison.
Due to the limited data set and evolving waste rock pile chronology for both study sites, the
models were not validated. The data used to calibrate the model was not robust enough to reserve
a portion for later validation. As the models are run for 50 years, there is the opportunity for
future validation when there has been growth to the dataset for each study site.
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CHAPTER 4 RESULTS AND ANALYSIS
This chapter presents the results from the two key components of this research. The first two
sections present the rock drain chemistry for the various sites, including a review of the CI
patterns in the rock drain chemistry for individual species as well as key ratios such as SO4/NO3
and Se/SO4. The second section of this chapter presents the results of the STELLA-based
modelling of the evolution of the effluent chemistry for the West Line Creek and Bodie waste
rock piles. The STELLA results include a ‘best fit’ model based on a visual fit of the observed
data, and a sensitivity study of the impact that key parameters have on the CI release magnitude
and timing based on the best fit model.
4.1 Rock Drain Chemistry
The historic rock drain chemistry for various analytes at each of the eleven study sites are
provided in graphical form in Appendix E. Selected graphs have been included in the following
discussion to provide examples of the trends discussed. The concentrations of effluent at many of
the rock drains are strongly influenced by seasonal peaks in fresh water release from adjacent
natural water sheds, causing dilution of the waste rock effluent. Villeneuve, et al. (2017) noted
that effluent concentration is more meaningfully interpreted based on concentrations during low
flow (base flow) conditions. To focus this discussion, only the trends in concentration observed
during low flow conditions (i.e. peak concentrations) will be discussed.
Major Ions
Nitrate, sulphate, chloride, and selenium have been identified as CIs in the aquatic environments
downstream of waste rock piles. Nitrate was identified as an analyte that is not naturally
occurring in waste rock, and since it is expected to behave as a conservative species it can be
used as a tracer (Mahmood, et al., 2017) in a similar manner as chloride. Sulphate and selenium
are naturally occurring CIs but have elevated concentrations in waste rock effluent as a result of
geochemical weathering. Since the majority of the conservative species should be removed with
the first pore-volume of flushing, the concentrations and loadings of sulphate and selenium
following a decrease in the nitrate concentration reflect the ongoing production of these CIs
following waste rock placement. The modelling approach is then to simulate the evolution of
nitrate from the waste rock pile to constrain the hydrological and transport parameters, and then
simulate the sulphate and selenium evolution as an estimate of ongoing weathering rates.
The waste rock piles were sorted into two classes: young waste rock piles, and old waste rock
piles. The old waste rock piles are predominantly those where waste rock was placed in large
volumes prior to 1995, and where there had been little to no waste rock added up to 2014, which
is the cutoff for this research. The young waste rock piles are those where most of the current
volume was deposited after 1995.
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A notable exception to this is Erickson Creek, where over 257 million tonnes of waste rock was
deposited prior to 1995, but the pile is still considered to be young, because of the volume added
since this arbitrary cutoff.
4.1.1.1 Nitrate
Patterns in nitrate concentration varied between rock drain sites. This is not unexpected given
difference in the timing and geometry of waste rock pile placement, ANFO mixtures used in
blasting, nitrate concentrations following placement, differences in mixing with freshwater, and
the ages of the waste rock. Nitrate concentration data was generally available for the entirety of
the data collection interval.
The nitrate concentrations for the older waste rock sites (Figure 4.1(a)) rise to a peak and then
begin a downward trend towards the end of the data collection interval. The maximum or peak
concentrations at these sites are below 100 mg/L. At sites where waste rock was recently placed,
or placement was ongoing, there was an overall upward trend in the observed nitrate
concentrations to peak values of approximately 100 mg/L (Mahmood, et al., 2017). Examples of
this include catchments such as Kilmarnock Creek, Line Creek, and Bodie Creek (Figure 4.1(b)).
Based on the collected dataset, the peak concentration for nitrate in the Elk Valley is over
100 mg/L.
Anomalies to the general pattern at old waste rock piles include the relatively constant and low
concentrations at Porter Creek, and low concentrations at the Greenhills Creek rock drain
(Figure 4.1 (a)). These low concentrations are not consistent with observed background
conditions (C = 0.01 mg/L) (Mahmood, et al., 2017). At Greenhills Creek, the storage of tailings
and coarse coal rejects (CCR) in that catchment may have resulted in the formation of conditions
amenable to denitrification (Mahmood, et al., 2017). In the case of the young waste rock piles,
the second nitrate peak for the Bodie Creek rock drain (Figure 4.1 (b)) is anomalous and is likely
related to the practice of discharging pit dewatering into the top of the Bodie Rock drain.
The elapsed time after the start of waste rock placement to reach peak nitrate concentrations was
at least 20 years for many of the sites. West Line Creek is the only rock drain where there was a
distinct peak at approximately 25 years (Figure 4.1(a)). The Bodie Creek waste rock pile has an
early peak at approximately Year 12 (Figure 4.1 Nitrate concentrations with time for (a) old
waste rock piles and (b) young waste rock piles, likely associated with a small, thin pile of waste
rock prior to continued deposition. All other waste rock piles appear to be either too young
(Bodie Creek and Kilmarnock Creek) or too old (Erickson Creek and Porter Creek) to have a
definite peak in concentration within the available dataset.

57

Nitrate Concentration (mg/L)

100

(a)

90
80
70
60
50
40
30
20
10
0
0

5

10

15

20

25

30

35

40

45

50

Years since Start of Placement
Porter Creek Thompson Creek Swift Creek Greenhills Creek West Line Creek Erickson Creek

Nitrate Concentration (mg/L)

180

(b)

160
140
120
100
80
60
40
20
0
0

5

10

15

20

25

30

35

40

45

50

Years since Start of Placement
Kilmarnock Creek

Bodie Creek

Gate Creek

Line Creek

Cataract Creek

Corbin Creek

Figure 4.1 Nitrate concentrations with time for (a) old waste rock piles and (b) young waste rock
piles
4.1.1.2 Sulphate
The sulphate concentrations at all sites exhibited an increasing trend in concentrations over the
data collection period. Sulphate concentration data was generally available for the latter portion
of the data collection interval, with data consistently available from 2006 on for all but one site.
The rate of increase in sulphate concentrations was faster for sites where the waste rock pile is
continuing to expand. Sulphate concentrations vary from approximately 100 mg/L to up to
1,000 mg/L or more (Appendix B).
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Figure 4.2 Sulphate concentrations with time for (a) old waste rock piles and (b) young waste
rock piles
Sites that exhibited anomalies to the overall increasing concentration trend were Porter Creek,
Erickson Creek, and Cataract Creek. Porter Creek and Erickson Creek (Figure 4.2(a)) both have
generally constant sulphate concentrations between 300 mg/L and 500 mg/L. The Porter Creek
and Erickson Creek waste rock piles are two sites in the Elk Valley that have been inactive the
longest. Reported sulphate concentrations at Cataract Creek are in excess of 1,000 mg/L for six
years prior to the end of the data collection interval (Figure 4.2 (b)).
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4.1.1.3 Chloride
There were no discernable patterns in chloride concentration across the study sites. The
availability of a complete record of chloride concentrations for the data collection interval varied
with study site. Concentrations varied between 1 mg/L and 10 mg/L (Figure 4.3), with
concentrations at selected sites up to 50 mg/L and select data points of nearly 300 mg/L
(Appendix B).
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Figure 4.3 Chloride concentrations with time for (a) old waste rock piles and (b) young waste
rock piles
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A comparison of chloride concentrations to nitrate concentrations was considered early in this
study, but was abandoned as there were no visual trends in the ratio of chloride to nitrate relative
to concentrations of other parameters.
4.1.1.4 Selenium
Patterns in selenium concentration varied with differences in the age of the waste rock in the pile
for each sample location. Selenium concentration data was generally available for the majority of
the data collection interval. Concentration data was consistently available after 2002.
At study sites where there was ongoing contribution to the waste rock pile, or waste rock had
been recently contributed to the pile, the measured selenium concentration was notably higher
than other study sites. Catchments where increases in selenium concentration were observed
include Thompson Creek (Figure 4.4(a)) Swift Creek, West Line Creek, and Kilmarnock Creek.
Initial selenium concentrations were approximately 0.01 mg/L, with peak concentrations of up to
1 mg/L.
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Figure 4.4 Selenium concentrations at (a) old waste rock piles and (b) young waste rock piles
For study sites such as Porter Creek and Erickson Creek (Figure 4.4(a)), where waste rock has
been stored in the catchment long-term, selenium concentrations reached a constant level of
approximately 0.1 mg/L.
Ratios between CIs
Ratios between the CIs were used to help identify the magnitude of divergence from observed
trends, as well as potential differences between waste rock pile construction methods. All graphs
highlighting these ratios are available in Appendix E. The data used to construct these ratios is
the same as was used in Section 4.1.
4.1.2.1 Sulphate-Nitrate Ratio
The sulphate-nitrate ratio was calculated from individual sample data for which both sulphate and
nitrate concentration data was available. The ratio of sulphate to nitrate varied greatly between
the study sites. Values were as low as 4 at West Line Creek, and as high as 350 at Porter Creek.
Notably “older” waste rock piles (e.g. Porter Creek and Greenhills Creek) had higher ratios of
sulphate to nitrate, whereas waste rock piles considered to be “younger” (e.g. Gate Creek and
Bodie Creek) had the lowest sulphate-nitrate ratios. Mid-age waste rock piles (e.g. 10 – 25 years)
where spoiling has been ongoing for over 10 years but is also still occurring on a regular basis,
produced sulphate-nitrate ratios between 20 and 60.
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Figure 4.5 Sulphate-nitrate ratios at (a) old waste rock piles and (b) young waste rock piles
Figure 4.5 was based on the divisions proposed in Section 4.1.1. As indicated previously, this is
only one way that the waste rock piles can be arranged; as such, the division in waste rock piles is
not obvious. In general, the sulphate-nitrate concentration in older waste rock piles is higher
(Figure 4.5(a)). This is due to the fact that nitrate has likely already flushed from the waste rock
pile. The younger waste rock piles generally have a lower sulphate-nitrate ratio, as there is still
nitrate in the system. The exception for the younger waste rock piles is Corbin Creek (Figure
4.5(b)); however, the ratio is decreasing as waste rock has been recently added to the pile,
increasing the nitrate concentration downgradient at the monitoring point.
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4.1.2.2 Selenium-Sulphate Ratio
The selenium-sulphate ratio was calculated from points in the datasets where both sulphate and
selenium concentration data was available. The values of the selenium-sulphate ratio depicted in
the figures in Appendix E represent the instantaneous selenium-sulphate ratio.
For all twelve sites, there were no obvious trends in the value of the selenium-sulphate ratio
(Figure 4.6). Increasing trends were observed at the Kilmarnock Creek, Greenhills Creek, and
Thompson Creek rock drains. The majority of the rock drains appeared to have Se/SO4 ratios that
were approximately constant, such as Line Creek. A decreasing trend was observed at Porter
Creek. Measurements generally varied between 1x10-4 and 1x10-3. The average Se/SO4 ratio in
the Elk Valley between 1994 and 2014 for all sites was 3x10-4.
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Figure 4.6 Selenium-sulphate ratio at (a) old waste rock piles and (b) young waste rock piles
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The Corbin Creek rock drain, where there has been no waste rock added to the pile in the last 15
years, has Se/SO4 ratio values between 1x10-4 and 1x10-5. There was no marked difference in
Se/SO4 ratio between head-of-valley waste rock piles and flow-through waste rock piles.
Data collected by Day, et al. (2012) supports a ratio between 1x10-4 and 1x10-5. The majority of
the data set plots along a line of constant Se/SO4; the data includes rock drains of varying ages,
reclamation status, and depositional patterns, much like the data collected for this study.
4.2 Modelling
The purpose of the STELLA models was to determine if the conceptual models of nitrate and
sulphate release would produce a similar pattern in CI concentration with time to the observed
rock drain data based on small number of simplified assumptions regarding the hydrology, waste
rock pile flushing, and sulphate production. A visual ‘best fit’ model was developed for the two
sites (West Line Creek and Bodie) by varying the input parameters over a reasonable range based
on the available knowledge for these parameters, until a similar pattern to that observed from the
rock drain monitoring data was simulated.
The input parameters included the initial concentration of the CI of interest, the volumetric water
content of the waste rock, the rate of annual net percolation into the waste rock pile, the volume
of water stored within an underlying aquifer, and the leaching efficiency of the model. The focus
of the model for each site was to predict peak CI concentrations during low flow conditions when
the highest seasonal effluent concentrations occur. A sensitivity study was also undertaken by
varying each individual parameter in the best fit model over a range of possible values. The initial
modelling was done for nitrate to establish a set of ‘best fit’ input parameters for a conservative
species. The ‘best fit’ was based on a visual match to the simulated concentration pattern to the
observed data. The model for sulphate was then developed using the nitrate input parameters but
with the initial sulphate concentration and rates of sulphate production varied to obtain a best fit.
To compare the fit of the model to the monitored data for nitrate, the concentrations were plotted
as a ratio of C/Co. The numerator, C, is the observed concentration, whereas the denominator, Co,
is the initial concentration set in the model. For the sulphate model, direct comparisons were
made between monitored and modelled concentrations.
West Line Creek
4.2.1.1 West Line Creek Model Description
Four topographic profiles were available for West Line Creek: 1990, 2005, 2011, and 2012. The
model simulation used elapsed times since the start of waste rock placement in 1981. The model
for West Line Creek consists of six stacks of waste rock, labelled U through Z from upstream to
downstream (Figure 4.7). The waste rock pile is thickest in the centre, at Stack X, with three
layers of waste rock. The stacks at the upstream and downstream ends (U, V, and Z) have one
layer each. Stacks W and Y each have two layers of waste rock. The width of each stack along
the axis of the waste rock pile was determined as part of discretization of the pile for use in the
modelling environment. Water from the waste rock pile is mixed with upstream flow before
being transferred to the base of the next stack. Screenshots from the modelling environment,
showing the setup of the model, are available in Appendix C.
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Figure 4.7 West Line Creek model setup along the thalweg for a constant unit width into the page
Table 4.1 West Line Creek Model Parameters
Stack
U
V

Width (m)
200
250

W

650

X

600

Y

450

Z

1000

Layer
W1
W2
X1
X2
X3
Y1
Y2
-

Height (m)
160
130
75
75
75
75
75
100
75
100

Start Time (Years since Start)
16
7
4
13
1
11
13
15
16
14

There is no upstream catchment contribution to the West Line Creek rock drain, as it is a head-ofvalley fill. However, Stacks U – W are not incorporated into the model until between 4 and 16
years into the run time. Prior to Year 4, there is an upstream contribution from the head of the
valley. There is a naturally occurring background nitrate concentration of approximately 0.01
mg/L (Mahmood, et al., 2017, McDonald and Strosher, 1998) in the Elk Valley. This has been
supported by historical surficial chemistry of the various watersheds in the Elk Valley at points
upstream of any waste rock deposition.
The model run parameters were set with a one-year time step and net percolation was defined in
metres per year. The net percolation was chosen from the O’Kane Consultants Inc. (2014 ) 2013
Water Year report. The net percolation for the RHE (remediated high elevation) station was
applied to the model. The remediation included agronomic grasses / legumes (O’Kane
Consultants Inc. (2014 ). The defined net percolation for the model is higher than that specified
by Villeneuve, et al. (2017); however, the values from O’Kane Consultants Inc. (2014 ) represent
the last full calendar year in which the data was collected. The net percolation for the upstream
portion of the catchment prior to waste rock placement is expected to be different from that
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specified by OKC, due to differences in elevation and percolation into natural ground rather than
waste rock. The net percolation value for the catchment was determined using the minimum flow
(base flow) at West Line Creek (0.026 m3/s) and the unmined area in 2011, when the last survey
was available.
Starting values for volumetric water content are based on measured volumetric water contents
from Barbour, et al. (2016), and leaching efficiencies were based on findings from Mahmood, et
al. (2017). The presence of a mixing aquifer is based on the work done by Szmigielski, et al.
(2018), which suggests the presence of a basal alluvial aquifer at the West Line Creek rock drain,
with a thickness varying from three to 24 meters, located above the bedrock contact. The average
porosity of the alluvial aquifer was 30%, with a variance of 7% (Szmigielski, et al., 2018). The
alluvial aquifer was found to be overlain by an unsaturated zone, between one and eight meters
thick (Szmigielski, et al., 2018). This work was completed downgradient of the toe of the rock
drain; however, for use in the model, the aquifer is assumed to be present the entire length of the
valley, up to the headwater.
4.2.1.2 Nitrate Model
Monitored data was available from Y7, Y10, and Y13 to Y27, inclusive. The best fit to the
monitoring record was obtained for West Line Creek using the following parameter set:
•
•
•
•
•
•

Initial nitrate concentration, Co = 100 mg/L
Mixing aquifer volume, V = 1.2 m3/m2, representative of the following:
o Aquifer volumetric water content, VWCaq = 0.3
o Aquifer thickness, taq = 4 m
Waste rock volumetric water content, VWCwr = 0.07
Leaching efficiency, LE = 90%
Waste rock net percolation, NP = 780 mm/year
Catchment net percolation, NP = 560 mm/year
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Figure 4.8 Monitored and modelled nitrate concentrations from the West Line Creek rock drain
The focus of the modelling was to capture the concentration evolution under the base flow (low
flow winter) conditions when concentrations in the rock drain effluent are highest. Based on the
results shown in Figure 4.8, the modelled nitrate concentrations closely follow the peak
concentrations in the monitored nitrate.
The modelled nitrate outflow captures the peak in the monitored data at approximately Y25.
There is limited data available for West Line Creek prior to Y13, limiting the ability to judge the
model fit prior to this point.
The early arrival of nitrate around Y7 is reflective of flushing associated with the first blocks of
waste rock put into the catchment. This flushing ceased with the addition of new waste rock. This
model is heavily dependent on the available topographic profiles for the waste rock pile, which
have a gap between Y7 and Y11.
4.2.1.3 Nitrate Sensitivity
4.2.1.3.1 Volumetric Water Content
The model was run for three scenarios of volumetric water content in the waste rock pile: the
base case of 0.07, as well as an extreme low (0.03) and a high of 0.10. As predicted, increases in
the volumetric water content result in longer flushing times, and a shift of the peak to the right
(Figure 4.9).

68

0.7
0.6

C/Co

0.5
0.4
0.3
0.2
0.1
0
0

5

10

15

20

25

30

35

40

45

50

Years since Start of Placement
Modelled Nitrate, VWC=0.03

Best Fit, VWC=0.07

Modelled Nitrate, VWC=0.10

Monitored Nitrate

Figure 4.9 Volumetric water content sensitivity for nitrate at West Line Creek
4.2.1.3.2 Initial Concentration
The model was run for three scenarios with varying initial nitrate concentrations in the waste rock
pile: 50 mg/L, 100 mg/L, and 150 mg/L (Figure 4.10). Increases in initial concentration resulted
in predictable increases in the peak concentration for each scenario.
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Figure 4.10 Initial concentration sensitivity for nitrate at West Line Creek
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4.2.1.3.3 Mixing Zone
Three scenarios were tested for the mixing zone, by varying the saturated thickness at a constant
volumetric water content of 0.3. Saturated thicknesses of 0 m (0.0 m3/m2), 4 m (1.2 m3/m2), and
12 m (3.6 m3/m2) were tested (Figure 4.11). Increases in the saturated thickness predictably
resulted in smoothing of the peaks observed in the model output.
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Figure 4.11 Mixing zone sensitivity for nitrate at West Line Creek
4.2.1.3.4 Leaching Efficiency
The model was run for three scenarios with varying leaching efficiencies. The base case leaching
efficiency of 90% was used, as well as bound (50%) and upper (100%) bound. As shown in
Figure 4.12, lower efficiency results in a dampened curve, while higher efficiency results in more
dramatic peaks and valleys.
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Figure 4.12 Leaching efficiency sensitivity for nitrate at West Line Creek
4.2.1.4 Sulphate Model
Monitored data was available from Y18 – Y27, inclusive. The best fit to the monitoring record
was obtained for West Line Creek using the following parameter set:
•
•
•

Nitrate parameters, as in Section 4.2.1.3
Initial sulphate concentration, Co = 0 mg/L
Sulphate production rate, P = 0.124 mg/kg/week
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Figure 4.13 Monitored and modelled sulphate concentrations from the West Line Creek rock
drain
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The focus of the sulphate model was to use the best fit parameters for nitrate, and evaluate the
initial concentration and production rate that produced the visual best fit for the monitored
sulphate data. Based on Figure 4.13, there is a close fit where the initial concentration of sulphate
in waste rock is 0 mg/L, and the production rate is 0.124 mg/kg/week.
The produced sulphate is representative of a zero order reaction in the context of this model.
There is no basis for using zero order sulphate production in literature; however, this is consistent
with the Elk Valley Water Quality Management Plan. It should be noted that other sources
(Herasymuik, 1996, Sracek, et al., 2006) apply first order reactions to similar situations.
4.2.1.5 Sulphate Sensitivity
Initial sulphate concentration and sulphate production are both constrained but also linked. To
accurately complete a sensitivity analysis of sulphate, both parameters should be adjusted
simultaneously. Therefore, the model was run for three concentrations of initial sulphate in the
waste rock, and three sulphate production rates were used for each initial concentration scenario.
Three concentrations for initial sulphate concentration were applied in the model: 0 mg/L, 1,000
mg/L, and 2,000 mg/L. An initial sulphate concentration of 1,000 mg/L can be estimated as the
product of the modelled initial nitrate concentration (Co = 100 mg/L) and the valley-wide
SO4/NO3 ratio (SO4/NO3 = 10). Based on work being completed in the Elk Valley, this is within
the range of expected concentrations (Hendry, 2018).
4.2.1.5.1 Initial Concentration = 0 mg/L
Variable sulphate production rates were tested to evaluate the importance of initial sulphate in the
waste rock (Figure 4.14). The three scenarios were: 0.071, 0.124, and 0.177 mg/kg/week of
sulphate.
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Figure 4.14 Sulphate production rate sensitivity at West Line Creek rock drain with no initial
sulphate
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As indicated in Figure 4.14, the best fit sulphate production rate when the initial sulphate
concentration is 0 mg/L is 0.124 mg/kg/week.
4.2.1.5.2 Initial Concentration = 1,000 mg/L
For the case where the initial concentration is 1,000 mg/L, the three scenarios tested were: 0.053,
0.071, and 0.089 mg/kg/week of sulphate (Figure 4.15). The best fit scenario when the initial
sulphate concentration is 1,000 mg/L is where production is equal to 0.071 mg/kg/week.
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Figure 4.15 Sulphate production rate sensitivity at West Line Creek rock drain with an initial
sulphate concentration of 1,000 mg/L
4.2.1.5.3 Initial Concentration = 2,000 mg/L
The three sulphate production rates tested for the scenario where the initial sulphate concentration
is 2,000 mg/L are: 0.018, 0.035, and 0.053 mg/kg/week (Figure 4.16). As seen in Figure 4.16, the
best fit scenario is for a production rate of 0.035 mg/kg/week.
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Figure 4.16 Sulphate production rate sensitivity at West Line Creek rock drain with an initial
sulphate concentration of 2,000 mg/L
4.2.1.5.4 Summary of Sulphate Sensitivity
As expected, higher initial sulphate concentrations result in higher, earlier, and more exaggerated
peaks during flushing. Increased sulphate production rates result in a higher ultimate outflow
concentration, where lower production rates result in a lower final outflow concentration. The
rate of increase in sulphate concentration is directly correlated to increases in the production rate,
as expected.
Sulphate loading rates observed in field cells in the Elk Valley varied between 0.38 and 0.88
mg/kg/week (SRK Consulting (Canada) Inc., 2014). All sulphate production rates tested are less
than the values supported by literature, and based on experimentation. The sulphate production
model works on the assumption that the whole waste rock pile is producing sulphate
simultaneously. Based on work completed by Mahmood, et al. (2017), the concentration of
oxygen through a waste rock profile varies up to 15%; therefore, oxidation is only present
through portions of the profile at a given time.
Based on the visual best fit for each scenario, the overall best fit for the West Line Creek rock
drain is when the initial concentration is 0 mg/L, with a production rate of 0.124 mg/kg/week.
4.2.1.6 Generated Sulphate to Nitrate Ratios
As a check on the accuracy of the model, the monitored and modelled ratios of sulphate to nitrate
were plotted based on years since the start of waste rock deposition (Figure 4.17). The three best
fit cases for initial concentration and production rate were tested.
Based on Figure 4.17, all three best fit scenarios produce close fits to the monitored ratio of
sulphate to nitrate for the available data. There are greater deviations at late time and early time,
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where the model fit for sulphate and nitrate is poor due to wetting up (early time), and where
there is insufficient data to proof the model (late time).
1000

SO4/NO3

100

10

1

0.1
0

5

10

15

20

25

30

35

40

45

50

Years since Start of Placement
Co = 0 mg/L, Production = 0.124 mg/kg/week
Co = 1,000 mg/L, Production = 0.071 mg/kg/week
Co = 2,000 mg/L, Production = 0.035 mg/kg/week
Monitored SO4/NO3

Figure 4.17 Monitored and modelled ratios of sulphate to nitrate with time
Bodie Creek
4.2.2.1 Bodie Model Description
There were only two topographic profiles available for Bodie Creek (1999 and 2002). This was
considered acceptable, as Bodie Creek was constructed in approximately six years. Based on
available project construction reports and external audits of the Bodie Dump (Golder, various),
the first year waste rock was placed was 1996. This becomes Year 0 in the modelling space, and
all other dates are adjusted for this date.
The model for Bodie Creek consists of four stacks of waste rock, labelled A through D from
upstream to downstream (Figure 4.18). All stacks except for Stack D, furthest downstream,
consist of two layers of waste rock. The width of each stack along the axis of the rock drain is
variable, which influences the rate at which water flows into and through the stack. The width of
each stack was determined as part of the discretization of the waste rock pile for use in the
modelling environment. Water from the waste rock pile is mixed with upstream flow before
being transferred to the base of the next stack. Screenshots from the modelling environment,
showing the setup of the model, are available in Appendix D.
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Figure 4.18 Bodie Creek model setup along the thalweg for a constant unit width into the page
Table 4.2 Bodie Creek Model Parameters
Stack

Width (m)

A

150

B

125

C

200

D

300

Layer
A1
A2
B1
B2
C1
C2
-

Height (m)
50
50
75
100
100
37.5
75

Start Time (Years since Start)
3
6
3
6
3
6
3

Based on available topographical sections, the upper reaches of the catchment are free of waste
rock. This upgradient portion of the catchment contributes to the discharge at the toe of the rock
drain. Water from a mined out pit is pumped into the northern reaches of the rock drain (Barbour,
et al., 2016); however, this contribution was not accounted for in the geochemical or water
balance of the model, as information regarding the rate of pumping, frequency, duration of
pumping events, and chemistry of the water being discharged into the rock drain was unavailable.
The net percolation was chosen from the O’Kane Consultants Inc. (2014 ) 2013 Water Year
report. The net percolation for the BRD (Bodie rock drain) station was applied to the model for
early waste rock (less than Y6). Following the placement of a cover in Y6, the NP for the model
was lowered to 560 mm/year from 750 mm/year. This number is reflective of the observed net
percolation at the GHO NTW (North Thompson West) station, which is west facing with planted
seedlings.
Starting values for volumetric water content are based on measured volumetric water contents
from Barbour, et al. (2016), and leaching efficiencies were based loosely on findings from
Mahmood, et al. (2017). The presence of a mixing aquifer is based on the work done by
Szmigielski, et al. (2018); however, the range of volumetric water contents and thicknesses used
are based on expected values for large particle sizes.
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4.2.2.2 Nitrate Model
Monitored data was available from Y2 to Y21, inclusive. For Bodie Creek, the most successful
model parameters were as follows:
•
•
•
•
•

Initial nitrate concentration, Co = 150 mg/L
Mixing aquifer volume, V = 1.2 m3/m2; to representative of the following:
o Aquifer volumetric water content, VWCaq = 0.3
o Aquifer thickness, taq = 4 m
Waste rock volumetric water content, VWCwr = 0.08
Leaching efficiency, LE = 90%
Waste rock net percolation, NP = 750 mm/year (t < 6 y), NP = 560 mm/year (t ³ 6 y)
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Figure 4.19 Monitored and modelled nitrate concentrations from the Bodie Creek rock drain
The model captures the initial rise in concentrations but misses the ‘spikes’ in concentration
around Y12-Y15 and Y20. The reason for these rapid rises is unknown but it is possible that they
are the result of pumping into the rock drain (Barbour et al. 2016). Based on the model output,
nitrate in the rock drain should continue to decrease, returning to assumed background conditions
(C = 0.01 mg/L ; Mahmood et al. 2017) in 20 years.
4.2.2.3 Nitrate Sensitivity
4.2.2.3.1 Volumetric Water Content
The model was run for three scenarios of volumetric water content in the waste rock pile: 0.04,
0.08, and 0.12. As predicted, increases in the volumetric water content result in longer flushing
times, and a shift of the peak to the right (Figure 4.20).
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Figure 4.20 Volumetric water content sensitivity for nitrate at Bodie Creek
4.2.2.3.2 Initial Concentration
The model was run for three scenarios with varying initial nitrate concentrations in the waste rock
pile: 100 mg/L, 150 mg/L, and 200 mg/L (Figure 4.21). Increases in initial concentration resulted
in predictable increases in the peak concentration for each scenario.
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Figure 4.21 Initial concentration sensitivity for nitrate at Bodie Creek
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4.2.2.3.3 Mixing Zone
Three scenarios were tested for the mixing zone, by varying the saturated thickness at a constant
volumetric water content of 0.3. Saturated thicknesses of 0 m (0.0 m3/m2), 4 m (1.2 m3/m2), and
12 m (3.6 m3/m2) were tested (Figure 4.22). Increases in the saturated thickness predictably
resulted in smoothing of the peaks observed in the model output.
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Figure 4.22 Mixing zone sensitivity for nitrate at Bodie Creek
4.2.2.3.4 Leaching Efficiency
The model was run for three scenarios with varying leaching efficiencies. The base case leaching
efficiency of 90% was used, as well as a lower (50%) and upper (100%) bound. As shown in
Figure 4.23, lower efficiency results in a dampened curve, while higher efficiency results in more
dramatic peaks and valleys.
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Figure 4.23 Leaching efficiency sensitivity for nitrate at Bodie Creek
4.2.2.4 Sulphate Model
Monitored data was available from Y6 – Y21, inclusive. The best fit to the monitoring record was
obtained for Bodie Creek using the following parameter set:
•
•
•

Nitrate parameters, as in Section 4.2.2.3
Initial sulphate concentration, Co = 0 mg/L
Sulphate production rate, P = 0.081 mg/kg/week

The focus of the sulphate model was to use the best fit parameters for nitrate, and evaluate the
initial concentration and production rate that produced the visual best fit for the monitored
sulphate data. Based on Figure 4.24, there is a close fit where the initial concentration of sulphate
in waste rock is 0 mg/L, and the production rate is 0.081 mg/kg/week.
Water from a mined out pit is pumped into the northern reaches of the rock drain (Barbour, et al.,
2016). The best fit model was chosen to fit the lower end of the monitored data, as higher
concentrations were interpreted as being representative of water from the adjacent pit.
The produced sulphate is representative of a zero order reaction in the context of this model.
There is no basis for using zero order sulphate production in literature; however, this is consistent
with the Elk Valley Water Quality Management Plan. It should be noted that other sources apply
first order reactions to similar situations.
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Figure 4.24 Monitored and modelled sulphate concentrations from the Bodie Creek rock drain
With an initial sulphate concentration of 0 mg/L, the peaks in concentration at approximately
Y13 and Y20 are absent from the sulphate model for Bodie Creek. However, the model output
does capture the general rise in sulphate concentrations.
4.2.2.5 Sulphate Sensitivity
Initial sulphate concentration and sulphate production are both constrained but also linked. To
accurately complete a sensitivity analysis of sulphate, both parameters should be adjusted
simultaneously. Therefore, the model was run for three concentrations of initial sulphate in the
waste rock, and three sulphate production rates were used for each initial concentration scenario.
Three concentrations for initial sulphate concentration were applied in the model: 0 mg/L, 750
mg/L, and 1,500 mg/L. An initial sulphate concentration of 1,500 mg/L can be estimated as the
product of the modelled initial nitrate concentration (Co = 150 mg/L) and the valley-wide
SO4/NO3 ratio (SO4/NO3 = 10). Based on work being completed in the Elk Valley, this is within
the range of expected concentrations (Hendry, 2018).
4.2.2.5.1 Initial Concentration = 0 mg/L
Variable sulphate production rates were tested to evaluate the importance of initial sulphate in the
waste rock (Figure 4.25). The three scenarios for the model where Co = 0 mg/L were: 0.040,
0.081, and 0.121 mg/kg/week of sulphate.
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Figure 4.25 Sulphate production rate sensitivity at Bodie Creek rock drain with no initial sulphate
As indicated in Figure 4.25, the best fit sulphate production rate when the initial sulphate
concentration is 0 mg/L is 0.121 mg/kg/week.
4.2.2.5.2 Initial Concentration = 750 mg/L
For the case where the initial concentration is 750 mg/L, the three scenarios tested were: 0.020,
0.061, and 0.101 mg/kg/week of sulphate (Figure 4.26).
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Figure 4.26 Sulphate production rate sensitivity at West Line Creek rock drain with an initial
sulphate concentration of 750 mg/L
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The best fit scenario when the initial sulphate concentration is 750 mg/L is where production is
equal to 0.101 mg/kg/week. However, this is the best fit for peak concentrations, which may
include water from the adjacent mined out pit which would be rich in sulphate. More information
is required to determine if this model is accurate long-term.
4.2.2.5.3 Initial Concentration = 1,500 mg/L
The three sulphate production rates tested for the scenario where the initial sulphate concentration
is 1,500 mg/L are: 0.004, 0.032, and 0.061 mg/kg/week (Figure 4.27).
1400

Sulphate (mg/L)

1200
1000
800
600
400
200
0
0

5

10

15

20

25

30

35

40

45

50

Years since Start of Placement
Sulphate Production = 0.004 mg/kg/week

Sulphate Production = 0.032 mg/kg/week

Sulphate Production = 0.061 mg/kg/week

Monitored Sulphate, Normalized

Figure 4.27 Sulphate production rate sensitivity at West Line Creek rock drain with an initial
sulphate concentration of 1,500 mg/L
The best fit scenario when the initial sulphate concentration is 1,500 mg/L is where production is
equal to 0.032 mg/kg/week. This is the best fit for the centre of the dataset, which potentially
excludes artificial highs. More information is required to determine if this model is accurate longterm.
4.2.2.5.4 Summary of Sulphate Sensitivity
As expected, higher initial sulphate concentrations result in higher, earlier, and more exaggerated
peaks during flushing. Increased sulphate production rates result in a higher ultimate outflow
concentration, where lower production rates result in a lower final outflow concentration. The
rate of increase in sulphate concentration is directly correlated to increases in the production rate,
as expected.
Sulphate loading rates observed in field cells in the Elk Valley varied between 0.38 and 0.88
mg/kg/week (SRK Consulting (Canada) Inc., 2014). All sulphate production rates tested are less
than the values supported by literature, and based on experimentation. The sulphate production
model works on the assumption that the whole waste rock pile is producing sulphate
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simultaneously. It is likely that oxidizing conditions are present in only some portions of a waste
rock pile at a given time.
For the purpose of this research, the best case overall visual fit is when the initial sulphate
concentration is 0 mg/L, with a production rate of 0.121 mg/kg/week.
4.2.2.6 Generated Sulphate to Nitrate Ratios
As a check on the accuracy of the model, the monitored and modelled ratios of sulphate to nitrate
were plotted based on years since the start of waste rock deposition (Figure 4.28). The three best
fit cases for initial concentration and production rate were tested.
Based on Figure 4.28, all three best fit scenarios produce close fits to the monitored ratio of
sulphate to nitrate for the available data. There are greater deviations at late time and early time,
where the model fit for sulphate and nitrate is poor due to wetting up (early time), and where
there is insufficient data to proof the model (late time).
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Figure 4.28 Monitored and modelled ratios of sulphate to nitrate with time
4.3 Summary of Results
The modelling results highlight that a reasonable simulation of the pattern of CI release can be
developed with the STELLA model, using a relatively simple conceptual model of efficient
flushing of the waste rock piles combined with initial CI concentrations and rates of production.
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The modelling confirms that the leaching efficiency for the waste rock piles is relatively high, at
90%, and that the other key input parameters (net percolation rates, volumetric water content, and
initial concentrations) all fall within reasonable ranges relative to other independent
measurements made on these waste rock piles (Barbour, et al., 2016). There is further work to be
done in determining the initial concentration of sulphate in waste rock following blasting, as
neither the models for West Line Creek or Bodie Creek accurately estimated the sulphate
concentration downgradient.
Table 4.3 Final Model Parameter Sets
Co NO3
(mg/L)

LE
(%)

Range of
Values

100 150

60 90

WLC
Bodie Creek

100
150

90
90

VWCwr

taq
(m)

NP
(mm/y)

SO4 Production
(mg/kg/week)

-

-

600 – 752
(WLC)
362 (Bodie)

0.21 - 91

0.3
0.3

4
4

780
750

0.124
0.081

VWCaq

0.08 – 0.12
(WLC)
0.04 – 0.08
(Bodie)
0.07
0.08

The initial concentration applied to the models were based on research completed by Mahmood,
et al. (2017), which indicated that the initial concentration of nitrate produced by blasting was
approximately 100 mg/L. The values for the model at WLC match these observations; the
marginally higher concentration at Bodie Creek may be reflective of minor differences in the
chemistry of the blasting additive.
A LE of 90% for both study sites is in line with Appels, et al. (2018) and Mahmood, et al. (2017),
where most sites met 90% of mass removal, with few achieving greater removal.
The volumetric water content of the waste rock was lower than the range identified by Barbour,
et al. (2016) at WLC, and was on the high end of the range for Bodie Creek. These parameters
could reasonably be altered to match changing net percolation values.
The volumetric water content of the theoretical mixing layer was set at 0.3 to represent very
coarse-grained particle sizes expected in the rock drain; the thickness was varied to meet the
model. Both models support the presence of an underlying basal aquifer with sufficient saturated
thickness to store water and allow for mixing of water within the aquifer with flow through the
overlying waste rock. While there is limited empirical evidence to support the presence of an
aquifer (Szmigielski, et al., 2018), the success of the models for the West Line Creek and Bodie
Creek rock drains indicates that there is likely a mixing body underlying the waste rock piles.
The net percolation values for the models vary the most from the range of values from literature.
Jamieson, et al. (2013) used values at 40% of the mean precipitation measured on the sites; OKC
(2013, 2014, 2015) values were a percentage of total rainfall and melt, including storage.
Villeneuve, et al. (2017) determined net percolation for WLC at 70-80% of average annual
precipitation for 2013 to 2015. The net precipitation values used in the model were the values
from the 2013 water year (O’Kane Consultants Inc., 2014 ). The net percolation at Bodie Creek
was adjusted to reflect fully reclaimed conditions after six years of waste rock deposition in the
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catchment. Reductions in net percolation used in the model would allow for adjustments to the
volumetric water contents for the individual sites. Anchoring the volumetric water content based
on the observed site conditions and adjusting the net percolation values may produce similar
results.
Based on steady state sites, such as the Erickson Creek rock drain at EVO and the Porter Creek
rock drain at GHO, and a placement density of 1,900 kg/m3, sulphate production in the Elk
Valley is generally between 0.3 and 0.5 mg/kg/week. Therefore, the estimates used in the Bodie
Creek and West Line Creek models underestimate sulphate production by 3 to 5 times. Given the
anticipated average reservoir of sulphate (146 mg/kg; after Essilfie-Dughan, et al., 2017), there is
not expected to be enough sulphate to reach 100 years of production.
The comparison of monitored ratios of sulphate to nitrate to those produced from the models
provide further support for the accuracy of the models for both sites. However, there is additional
work to be done to refine the sulphate models in particular.
Note that the parameters presented above are the result of one of many different combinations
with the potential to yield the same or similar results. Calibration of the models above was
completed by first addressing the variables which were best constrained by measurement and
research, and moving to those variables which were assessed conceptually (Section 3.5.6). This is
only one way in which the variables could have been assessed to develop the models above, and
are based on a visual best fit, which is inherently subjective.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS
This chapter restates the objectives of this study, and summarizes the outcomes of the research
conducted. Recommendations for future work related to this study will be discussed.
5.1 Summary
Studies on the flow dynamics, weathering, and leaching of commercially-sized waste rock piles
are rarely completed, as increases in the size of a waste rock pile lead to a decrease in the
resolution of the measurements for properties such as volumetric water content, output chemistry,
and output volume (O’Kane Consultants Inc. and BGC Engineering Inc., 2013). However,
previous studies are available for test piles in Saskatchewan, the Northwest Territories, and Peru
(Bay, 2009, Fretz, et al., 2011, Neuner, et al., 2013, Nichol, et al., 2005, Smith, et al., 2013,
Smith, et al., 2013, Stockwell, et al., 2006, Wagner, et al., 2006) to characterize waste rock.
The goal of this study was to develop a conceptual model to estimate the bulk long-term
geochemical and hydrological properties of both new and legacy waste rock piles. Models for
two study sites, the West Line Creek and Bodie Creek rock drains, were calibrated using longterm geochemical data collected for these Sites.
These sites were selected following an assessment of historical flow and geochemistry data for
eleven rock drains in the Elk Valley, to identify robust datasets representing a variety of
depositional methods and ages. These data were augmented by available depositional histories,
which ultimately narrowed the study sites to the West Line Creek and Bodie Creek waste rock
piles; due to their roles as research catchments, there was a greater amount of historical
topographic data available for use in developing a model.
Specific findings and recommendations for future work are provided in the following sections.
5.2 Key Findings
Rock Drain Chemistry
The eleven sites presented in this thesis represent waste rock piles of a variety of ages,
construction techniques, depositional methods, and mining operations and were selected based on
guidance from staff at Teck. Raw geochemical data was collected by Teck for each of the sites
for a period of at least ten years. Trends for major ions (sulphate, nitrate, chloride, and selenium)
as well as selected trace elements (arsenic, cadmium, and zinc) were analyzed. Higher
concentrations of the major ions were positively correlated with recent deposits of waste rock in
the catchment.
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Based on work completed by Bailey, et al. (2013), ratios were calculated between major ions
critical to the sites. These included the ratio of sulphate to nitrate (SO4/NO3) and the ratio of
selenium to sulphate (Se/SO4) to identify additional trends in the outflow. For a given waste rock
pile, the point where the ratio of sulphate to nitrate begins to increase was found to indicate the
point at which the first flush of the waste rock pile was completed. Due to the complexity of
waste rock pile construction, flushing time could not be reliably calculated. Estimations based on
observations of waste rock piles at the various mine sites found that the fastest flushing time was
at Bodie Creek (15 years), which is consistent with the rapid construction and completion of the
waste rock pile. West Line Creek (25 years) and Cataract Creek (30 years) were found to have
slower flushing times consistent with larger waste rock piles and an extended time frame for pile
construction.
The ratio of sulphate to nitrate varied between the sites; however, there were patterns consistent
with differences in waste rock ages. Notably “younger” waste rock piles, constructed in the last
10 years, exhibited ratios of SO4/NO3 as low as 4. For older waste rock piles, where spoiling was
no longer taking place, the ratio was much higher (as high as 350).
Generally, the average ratio of sulphate to nitrate across all waste rock piles in the Elk Valley was
found to be 10. The average ratio was used as a baseline value to compare the waste rock piles of
varying ages. An average value was also useful for approximating how much sulphate observed
in the effluent was the result of flushing, versus what was being produced through reactions
within the waste rock pile. By multiplying the SO4/NO3 ratio by the monitored nitrate
concentrations, the portion of the monitored sulphate concentrations attributable to flushing was
subtracted from the total monitored sulphate concentration, thus isolating the production of
sulphate in the waste rock pile.
Modelling
Of the eleven sites evaluated, only two had sufficient data on waste rock pile chronology to merit
evaluation of the controls on CI release. The construction of the Bodie Creek and West Line
Creek waste rock piles, as research catchments, was well documented relative to other waste rock
piles in the Elk Valley, and the subsequent waste rock piles were instrumented for the purpose of
collecting data to supplement research such as that presented here. Consequently, previous
analysis had been completed to identify properties of the waste rock piles such as volumetric
water content, grain size distribution, and in-situ geochemistry.
The waste rock piles at Bodie Creek and West Line Creek also represent two distinct construction
methods for ex-situ waste rock piles: a flow-through waste rock pile at West Line Creek, and a
head-of-valley fill at Bodie Creek. Therefore, simulation of both piles allows for verification of
the model as well as analysis of multiple varieties of waste rock piles.
Topographic profiles for the two study sites were compiled from reports, surveys, and mine
plans. This allowed for the discretization of the piles into time steps with measurable differences
in quantities of waste rock between profiles. The biggest limiting factor to the production of
additional modelling was the availability of consistent and reliable topographic data.
Each model was created from the available topographic profiles, and originally calibrated using
four metrics: (1) initial nitrate concentration, (2) the volumetric water content, (3) volume of
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water in a theoretical mixing zone at the base of the pile, and (4) the efficiency at which water
could leach CIs from the waste rock for transport. Starting estimates for these variables were
based on measured data (where available), previous research, or engineering judgement.
Following calibration of the models for nitrate, using the parameters above, the sulphate models
were calibrated using initial sulphate concentrations, and sulphate production.
5.2.2.1 Nitrate Models
The West Line Creek model was based on four available topographic profiles. In the modelling
environment, these were represented as six vertical stacks of waste rock, with up to three layers
in each stack. Where applicable, the model allowed fresh water from upstream to mix with the
runoff from the waste rock pile. The Bodie Creek model was based on two topographic profiles,
translating to four stacks of waste rock with a maximum of two layers per stack.
The sensitivity of both models was tested by varying four of the metrics: (1) initial nitrate
concentration, (2) the volumetric water content, (3) volume of water in a theoretical mixing zone
at the base of the pile, and (4) leaching efficiency.
5.2.2.2 Sulphate Models
The only parameters that were varied following establishment of a successful nitrate model were
the initial concentration of sulphate and the rate of production of sulphate. For each model, three
different initial concentrations were tested. For each initial concentration, three production rates
were applied to determine the best fit for that concentration.
The best fit sulphate model for West Line Creek was for no initial sulphate, and a production rate
of 0.124 mg/kg/week. The best fit sulphate model for Bodie Creek was for an initial sulphate
concentration of 0 mg/L and a production rate of 0.081 mg/kg/week; however, there is also a
compelling case to be made for the model with no initial sulphate and a production rate of 0.121
mg/kg/week. There is insufficient sulphate data for the Bodie Creek rock drain to conclusively
determine which scenario is the best fit.
Monitored ratios of sulphate to nitrate were compared against the highest and lowest production
rates for each model, for scenarios with and without initial sulphate concentration. For both sites,
the monitored ratios were within the range of modelled ratios from the four cases. Both sites
underestimated sulphate production, based on steady state sites at Elkview Operations and
Greenhills Operations.
5.3 Recommendations for Future Work
This study is the first in-depth look at commercially-sized waste rock piles. There is considerable
work to be done moving forward to understand the processes within waste rock piles that govern
the downstream concentrations.
Chemical Data
Water chemistry data downgradient of the waste rock piles should continue to be collected for all
of the piles in the Elk Valley at regular intervals. For use in a model similar to those created as
part of this research, monthly collection is preferable. This data can be used in the creation of
future models, as well as in the update of the existing models for West Line Creek and Bodie
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Creek. The validity of the sulphate model for both sites should be retested when more sulphate
data is available.
To fit a nitrate model, at least 20 years of data is preferable for larger waste rock piles. In the case
of the Bodie Creek rock drain, less data was required since the waste rock pile was very quickly
constructed and reclaimed. Twenty years of data allows for observation of a nitrate concentration
decrease in rock drain effluent, which is key for obtaining a visual fit.
In the case of sulphate, data on the order of 30 – 40 years may be required to observe a steady
state concentration in rock drain effluent. The best fit for the model will be when the data is
available to correlate the change in rate of concentration increase.
Additional Waste Rock Piles in the Elk Valley
Additional waste rock piles in the Elk Valley representing both flow-through rock drains and
head-of-valley fills should be assessed to gain sufficient topographic data to prepare a model.
Additional modelling of waste rock piles based in the Elk Valley with similar chemical
composition would provide confirmation of the model accuracy; as only two sites were tested as
part of this research, a third site would lend further credibility to the merit of the research.
Ideally, a minimum of three profiles would be available for analysis: pre-deposition, ongoing
deposition, and post-deposition. A minimum of three profiles allows for sufficient resolution
within the modelling environment to accurately portray the vertical movement of water through
the waste rock. Profiles at five year intervals would generally provide the resolution required for
a model.
Waste Rock Property Analysis
Both the West Line Creek and Bodie Creek waste rock piles have been drilled and instrumented
for research purposes, which has resulted in a higher level of understanding of the internal
properties of the waste rock relative to this research, such as the bulk volumetric water content
and the average gradation. Additional insight is gained from the instrumentation of these test
holes applicable to other areas of research related to waste rock piles, including the isotopic
signature of the water in the waste rock, which provides insight into the age of the water. This
information can be applied to the models for vertical flow and mixing through the waste rock
pile, as it can provide validity to the time it takes for flushing to occur.
Modelling of Other Mine Sites
An attempt should be made to create reliable models of waste rock piles from other mine sites,
where the composition of the waste rock varies from that in the Elk Valley. The transferability of
the model to other geology and geography should be considered to determine if wide-spread
application of this model is viable for the industry.
Alternate mining sites would be subjected to the same standards as the data collected in the Elk
Valley, particularly pertaining to the availability of downstream concentration data, the location
of the collection point downstream of the rock drain, and the availability of topographic data for
production of the modelling environment.
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ACQUISITION OF ROCK DRAIN CONSTRUCTION DOCUMENTS
A.1 Rock Drain Tours
All rock drain tours included a verbal discussion of rock drain histories at the mine, including
rock drains which were not directly accessed during the tour.
Table A.1 List of Rock Drain Tours
Mine
FRO
GHO
LCO
EVO
CMO

Site (s)
Kilmarnock Creek
Swift Creek
Cataract Creek
Line Creek
West Line Creek
Bodie Creek
Gate Creek
Corbin Creek

Teck Personnel
Taylor Sherven (FRO)
Leigh Stickney (GHO)

Date
08 July 2014
02 July 2014

Rob Klein (SPE)

03 July 2014

Mike Moore (EVO)

23 July 2014

Alexandra Wade (CMO)

10 July 2014

A.2 Topography Meetings
Map files obtained from Gibran Lopez (Teck, Calgary) – 17 July 2014
•
•
•
•
•
•
•
•
•
•

Cardinal River Operations Luscar
Cardinal River Operations Cheviot Contours
Coal Mountain Operations
Elkview Operations Water Diversion
Elkview Operations
Fording River Operations
Fording River Operations Water Diversion
Greenhills Operations
Line Creek Operations
Line Creek Operations Water Diversion

A.3 Waste Rock Pile Dumping Histories
A.3.1 GHO Dumping History
Ray Dykhuizen (SPO) c/o Rob Klein (SPE) – 03 November 2014
•
•

Design and Permit Details spreadsheet
• Summary of file numbers and report details for GHO
Verbal communication regarding rock drain catchments at GHO

A.3.2 EVO Dumping History
Brian Wong (EVO) – 04 November 2014
•

Verbal communication regarding rock drain catchments at EVO

A.3.3 LCO Dumping History
John Sciarra (LCO) – 05 November 2014
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•
•

Verbal communication regarding rock drain catchments at LCO
Direction to reports on the West Line Creek Rock Drain and the Symposium of FlowThrough Rock Drains

A.3.4 FRO Dumping History
Scott Dressler (FRO) – 06 November 2014
•
•

Verbal communication regarding rock drain catchments at FRO
Aerial photographs for FRO

A.4 Miscellaneous Reports and Files
• Rock Drain Research Program Final Report, Tim Chala (LCO) c/o Rob Klein (SPE) – 18
June 2014
• Rock Drain Behaviour at Byron Creek Collieries report and CMO Historic Waste Rock
Volumes (CMO), Nick Manklow (CMO) c/o Rob Klein (SPE) – 18 June 2014
• Drainage Spoiling Volumes (GHO), Dan Charest (GHO) c/o Rob Klein (SPE) – 18 June 2014
• WLC Waste Rock Pile Chronology data, Andy Jamieson (BGC Engineering Inc.) – 27
September 2014
• Golder Associates Ltd. Bodie Stability Review .zip file for EVO, c/o Rob Klein (SPE) – 12
November 2014
• Teck EVO Bodie Package 1
• Bodie Instrumentation Locations 2014
• Current Monitor Placement
• Enviro Bodie Pond Flow Rates
• EVO Natal Pit Dewatering Tool
• Natal West Dewatering Description
• Water Balance V28 June 2007
• Teck EVO Bodie Package 2
• 00.04.05 Bodie Dump Stabilization
• 00.05.08 Stability South Bodie Dump Elkview
• 00.07.01 Project Construction Report and 11 July 2000 External Audit of Bodie Dump
• 00.09.19 Bodie North Dump Stage 1 Geotechnical Assessment
• 01.04.02 Bodie North Dump Stability West of Thrust Faults
• 01.07.05 Geotechnical Review Proposed Bodie 5 Dump Extension
• 01.08.16 Elkview South Bodie Dump Audit
• 01.10.15 A Review of the Stability Aspects of the Proposed Bodie North Waste Dump
• 01.11.09 Third Party Review of Proposed Bodie North Waste Dump
• 01.12.01 Project Construction report and 14 August 2001 External Audit of Bodie Dump
• 02.01.09 Bodie 5 & 8 Instrumentation
• 94.12.01 Report on Geotechnical Investigations for Proposed Waste Dump for Bodie
Creek
• 96.06.18 Project Construction Report and August 14, 1996 External Audit of Bodie
Dump
• 96.06.18 Project Construction Report and May 16, 1996 External Audit of Bodie Dump
• 96.11.26 Project Construction Report and November 96 External Audit of Bodie Dump
• 97.03.21 Project Construction Report and February 5 97 External Audit of Bodie Dump
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•
•
•
•
•
•

•
•
•

•

97.06.24 Project Construction and May 7. 97 External Audit of Bodie Dump
97.09.26 Project Construction and August 20, 97 External Audit of Bodie Dump
97.11.25 Bodie Dump Stability Assessment
97.12.30 Project Construction Report and November 97 External Audit of Bodie Dump
98.04.21 Project Construction Report and Feburary 24, 98 External Audit of Bodie Dump
98.06.09 Project Construction Report and May 26 June 3, 98 External Audit of Bodie
Dump
• 99.09.15 Review of Bodie 5 Dump Instability
• 99.12.17 Project Construction Report and July 20, 99 External Audit of the Bodie Dump
• Rock Drain Design Report 1992
Bodie Dump Construction Report for EVO, Al Chance (Golder Associates Ltd.) c/o Rob
Klein (SPE) – 12 November 2014
GHO Scanning Archive, Dan Charest (GHO) – 25 November 2014
GHO Library visit – 26 November 2014
• File No. 6074 – Greenhills West Dump Proposal
• File No. 2102 – Application for an Amendment to the construction plan for the West
Spoil; Proposed 2006 Modifications to Waste Rock Spoils on the West Side of Greenhills
Ridge
• File No. 2091 – Failure at the End of the Greenhills West Toe Dyke Morning of 7th July
2002
• File No. 2092 – Proposed 1915 (Rose Bowl) Spoil at the Fording Coal Ltd. Greenhills
Operations
• File No. 2099 – Proposed 1920 Spoil Platform Greenhills West Spoil
• File No. 405 – Westar Mining Ltd. Submission in Response to Inquiries Re: Application
for Dump Approval Porter Creek Site
• File No. 2068/9506.1 – A Stability Assessment of Potential Sites for the Proposed
Northwest Waste Dump
• File No. 2039 – Investigation for Dump Foundations in Cataract Creek
• File No. 449 – Application to Amend Permit C-137 Cougar North Pit, Cataract North
Dump and Cataract South Dump
• File No. 346/451 – Report on Proposed Cataract Waste Dumps Greenhills Operations
FCL Elkford, B.C. (Appendix II)
• File No. 2042 – Geotechnical Considerations in the Design of the Proposed Cataract
Creek Containment Berm Greenhills Operations
• File No. 2055 – Assessment of the 1994 Performance of the Swift Creek Rock Drain
Fording Coal Ltd. Fording River Operations
• File No. 520 – Swift Creek Rock Drain 1999 Performance
• File No. 2113 – Assessment of the Proposed Cataract Rock Drain
• File No. 0066 – Report to Kaiser Resources Ltd. Presenting Preliminary Assessment of
Proposed Greenhills Creek Sedimentation Pond
EVO Dump Data, Brian Wong (EVO) – 04 March 2015
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MAJOR ION GEOCHEMISTRY AND AVAILABILITY
Table B.1: Fording River Operations
Site
Kilmarnock
Creek

Substance of Interest
Selenium
Chloride
Arsenic

Cadmium

Zinc

Sulfate

Nitrate

Concentration
Range
(mg/L)

76.7 749

2.06 126

0.006 –
0.295

0.25 – 5.5

1x10-4 –
9.2x10-5

2.90x10-4 –
9.18x10-4

0.0033 –
0.0613

Years Available

2004 2014

1995 2014

1996 2014

2004 2013

2011 - 2014

2008 - 2014

2003 2014

Cadmium

Zinc

Table B.2: Greenhills Operations
Site
100
Cataract Creek

Swift Creek

Porter Creek
North
Thompson
Creek

Substance of Interest
Selenium
Chloride
Arsenic

Sulfate

Nitrate

Concentration
Range
(mg/L)

81 –
1,820

1.14 –
45.5

0.024 –
0.713

0.3 – 23.7

1.2x10-4 –
3.4x10-4

1.54x10-4 –
1.10x10-3

0.0101 –
0.0575

Years Available

2005 2014

1994 2014

2004 - 2014

1996 2014

2010 - 2014

2010 - 2014

2008 - 2014

Concentration
Range
(mg/L)

203.1 –
1,880

1.34 –
68.4

0.00819 –
0.858

0.5 – 18.9

1.2x10-4 –
1.05x10-3

1.88x10-4 –
1.34x10-3

0.0166 –
0.186

Years Available

2005 2014

1995 2014

1999 - 2014

1996 2014

2010 - 2014

2010 - 2014

2008 - 2014

Concentration
Range
(mg/L)

67.39 679

0.08 –
16.5

0.00108 –
0.233

0.3 – 5.8

1.7x10-4 –
7.6x10-4

1.7x10-5 –
3.3x10-5

0.0021 –
0.0063

Years Available

2005 2014

2004 2014

2004 - 2014

1996 2014

2010 - 2014

2010 - 2014

2010 - 2014

Concentration
Range
(mg/L)

75.291 737

0.008 –
21.4

0.0014 –
0.165

2.7 – 26.9

1.4x10-4 –
5.6x10-4

1.1x10-5 –
3.17x10-4

0.00110 –
0.00925

100

Greenhills
Creek

Years Available

2005 2014

1994 2014

1996 - 2014

1996 2014

2008 - 2014

2010 - 2014

2008 – 2014

Concentration
Range
(mg/L)

70.2 –
801

0.02 –
6.7

0.00307 –
0.185

0.3 – 19.1

1.6x10-4 –
1.50x10-3

1.1x10-5 –
4.28x10-4

0.0011 –
0.0275

Years Available

2005 2014

1994 2014

2002 - 2014

1996 2014

2010 - 2014

2010 - 2014

2009 - 2014

Cadmium

Zinc

Table B.3: Line Creek Operations
Site

101

Line
Creek

West
Line
Creek

Substance of Interest
Chloride
Arsenic

Sulfate

Nitrate

Selenium

Concentration
Range
(mg/L)

36.7 1180

0.492 –
39.5

0.0013 –
0.075

0.37 – 7.6

1.0x10-4 –
1.2x10-3

1.7x10-4 –
6.7x10-4

7.0x10-3 –
0.0428

Years Available

2005 2014

2000 2014

1998 - 2014

2004 2013

2009 - 2014

2008 - 2014

2008 2014

Concentration
Range
(mg/L)

63.698 1580

1.37 –
168.32

5.1x10-3 –
0.753

0.4 – 8.0

1.2x10-4 –
4.21x10-4

6.9x10-5 –
3.51x10-3

1.2x10-3 –
0.147

Years Available

2005 2014

1994 2014

1998 - 2014

2004 2014

2010 - 2014

2008 - 2014

2008 2014

Table B.4: Elkview Operations
Site
Bodie
Creek

Concentration
Range
(mg/L)
Years Available

Gate Creek

Concentration
Range

Substance of Interest
Chloride
Arsenic

Sulfate

Nitrate

Selenium

0.38 –
2012.62

1.985 168

5.0x10-3 –
0.504

5.515 298

1999 –
2014
64.6 1190

1994 2014
0.017 150

1996 - 2014

1999 2014

6.0x10-3 –
0.298
101

3.1 – 59.6

Cadmium

Zinc

1.8x10-4 –
1.25x10-3

5.2x10-5 –
9.9x10-4

4.5x10-3 –
0.108

2010 - 2014

2010 - 2014

2008 - 2014

2.2x10-4 –
1.59x10-3

3.7x10-5 3.80x10-4

2.0x10-3 –
0.0319

(mg/L)

Erickson
Creek

Years Available

1999 –
2014

1994 2014

2002 - 2014

1999 2014

2010 - 2014

2010 - 2014

2010 - 2014

Concentration
Range
(mg/L)

23.7 –
1446

0.829 –
31.247

0.058 –
0.162

2.04 –
20.3

1.5x10-4 – 0.2

1.0x10-4 – 0.01

2.4x10-3 –
0.0679

Years Available

1999 –
2014

1994 –
2014

1996, 19982014

19992014

1999-2000,
2008 – 2014

1999, 2008,
2010 – 2014

1999-2000,
2007 – 2011

Substance of Interest
Chloride
Arsenic

Cadmium

Zinc

Table B.5: Coal Mountain Operations
Site
102

Corbin
Creek

Sulfate

Nitrate

Selenium

Concentration
Range
(mg/L)

34 - 931

0.34 –
18.22

1.88x10-3 –
0.0355

0.3 – 9.1

1.810-4 –
5.8x10-4

3.4x10-5 –
1.99x10-3

1.4x10-3 –
0.987

Years Available

2006 2014

1998 2014

2008 - 2014

2004 2014

2010 - 2014

2010 - 2014

2008 - 2014

102

WEST LINE CREEK STELLA

Figure C.1 West Line Creek rock drain constants

Figure C.2 West Line Creek downstream response control

103

Figure C.3 West Line Creek control converters for block width and unit rate

104

Figure C.4 High level overview of West Line Creek flow model from upstream (left) to
downstream (right)

105

Figure C.5 Sample of mixing at the base of a conceptual stack of waste rock

Figure C.6 Mixing downstream of the waste rock pile, producing effluent concentrations
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BODIE CREEK STELLA

Figure D.1 Bodie Creek rock drain constants

Figure D.2 Bodie Creek downstream response control

107

Figure D.3 Bodie Creek control converters for block width and unit rate

108

Figure D.4 High level overview of Bodie Creek flow model from upstream (left) to downstream
(right)

109

Figure D.5 Sample of mixing at the base of a conceptual stack of waste rock

110

Figure D.6 Mixing downstream of the waste rock pile, producing effluent concentrations
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GEOCHEMICAL RESULTS AND RATIOS
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Figure E.5.1.1.1 Nitrate Concentrations at Kilmarnock Creek Rock Drain
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Figure E.1.2.1 Nitrate Concentrations at Swift Creek Rock Drain
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Figure E.1.2.2 Nitrate Concentrations at Cataract Creek Rock Drain
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Figure E.1.2.3 Nitrate Concentrations at Porter Creek Rock Drain
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Figure E.1.2.4 Nitrate Concentrations at Greenhills Creek Rock Drain
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Figure E.1.2.5 Nitrate Concentrations at Thompson Creek Rock Drain
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E.1.3 Line Creek Operations
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Figure E.1.3.1 Nitrate Concentrations at Line Creek Rock Drain
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Figure E.1.3.2 Nitrate Concentrations at West Line Creek Rock Drain
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E.1.4 Elkview Operations
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Figure E.1.4.1 Nitrate Concentrations at Bodie Creek Rock Drain
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Figure E.1.4.2 Nitrate Concentrations at Gate Creek Rock Drain
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Figure E.1.4.3 Nitrate Concentrations at Erickson Creek Rock Drain
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Figure E.1.5.1 Nitrate Concentrations at Corbin Creek Rock Drain
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E.2 Sulphate
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Figure E.2.1.1 Sulphate Concentrations at Kilmarnock Creek Rock Drain
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Figure E.2.2.1 Sulphate Concentrations at Swift Creek Rock Drain
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Figure E.2.2.2 Sulphate Concentrations at Cataract Creek Rock Drain
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Figure E.2.2.3 Sulphate Concentrations at Porter Creek Rock Drain
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Figure E.2.2.4 Sulphate Concentrations at Greenhills Creek Rock Drain
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Figure E.2.2.5 Sulphate Concentrations at Thompson Creek Rock Drain
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E.2.3 Line Creek Operations
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Figure E.2.3.1 Sulphate Concentrations at Line Creek Rock Drain
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Figure E.2.3.2 Sulphate Concentrations at West Line Creek Rock Drain
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E.2.4 Elkview Operations
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Figure E.2.4.1 Sulphate Concentrations at Bodie Creek Rock Drain
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Figure E.2.4.2 Sulphate Concentrations at Gate Creek Rock Drain
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Figure E.2.4.3 Sulphate Concentrations at Erickson Creek Rock Drain
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Figure E.2.5.1 Sulphate Concentrations at Corbin Creek Rock Drain
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E.3 Chloride
E.3.1 Fording River Operations
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Figure E.3.1.1 Chloride Concentrations at Kilmarnock Creek Rock Drain
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Figure E.3.2.1 Chloride Concentrations at Swift Creek Rock Drain
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Figure E.3.2.2 Chloride Concentrations at Cataract Creek Rock Drain
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Figure E.3.2.3 Chloride Concentrations at Porter Creek Rock Drain
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Figure E.3.2.4 Chloride Concentrations at Greenhills Creek Rock Drain

Concentrations (mg/L)

100

10

1
1994

1996

1998

2000

2002

2004

2006

2008

2010

Figure E.3.2.5 Chloride Concentrations at Porter Creek Rock Drain
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E.3.3 Line Creek Operations
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Figure E.3.3.1 Chloride Concentrations at Line Creek Rock Drain
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Figure E.3.3.2 Chloride Concentrations at West Line Creek Rock Drain
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E.3.4 Elkview Operations
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Figure E.3.4.1 Chloride Concentrations at Bodie Creek Rock Drain
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Figure E.3.4.2 Chloride Concentrations at Gate Creek Rock Drain
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Figure E.3.4.3 Chloride Concentrations at Erickson Creek Rock Drain
E.3.5 Coal Mountain Operations
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Figure E.3.5.1 Chloride Concentrations at Corbin Creek Rock Drain
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E.4 Selenium
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Figure E.4.1.1 Selenium Concentrations at Kilmarnock Creek Rock Drain
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Figure E.4.2.1 Selenium Concentrations at Swift Creek Rock Drain
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Figure E.4.2.2 Selenium Concentrations at Cataract Creek Rock Drain
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Figure E.4.2.3 Selenium Concentrations at Porter Creek Rock Drain
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Figure E.4.2.4 Selenium Concentrations at Greenhills Creek Rock Drain
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Figure E.4.2.5 Selenium Concentrations at Thompson Creek Rock Drain
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E.4.3 Line Creek Operations

Concentrations (mg/L)

1

0.1

0.01

0.001
1994

1996

1998

2000

2002

2004

2006

2008

2010

2012

2014

2012

2014

Figure E.4.3.1 Selenium Concentrations at Line Creek Rock Drain
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Figure E.4.3.2 Selenium Concentrations at West Line Creek Rock Drain
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E.4.4 Elkview Operations
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Figure E.4.4.1 Selenium Concentrations at Bodie Creek Rock Drain
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Figure E.4.4.2 Selenium Concentrations at Gate Creek Rock Drain
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Figure E.4.4.3 Selenium Concentrations at Erickson Creek Rock Drain
E.4.5 Coal Mountain Operations
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Figure E.4.5.1 Selenium Concentrations at Corbin Creek Rock Drain
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E.5 Select Trace Metals
E.5.1 Fording River Operations
Concentrations (mg/L)

1
0.1
0.01
0.001
0.0001
2004

2005

2006

2007

2008

Arsenic

2009

Cadmium

2010

2011

2012

2013

2014

Zinc

Figure E.5.1.1 Trace Metal Concentrations at Kilmarnock Creek Rock Drain
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Figure E.5.2.1 Trace Metal Concentrations at Swift Creek Rock Drain
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Figure E.5.2.2 Trace Metal Concentrations at Cataract Creek Rock Drain
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Figure E.5.2.3 Trace Metal Concentrations at Porter Creek Rock Drain
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Figure E.5.2.4 Trace Metal Concentrations at Greenhills Creek Rock Drain
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Figure E.5.2.5 Trace Metal Concentrations at Thompson Creek Rock Drain
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E.5.3 Line Creek Operations
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Figure E.5.3.1 Trace Metal Concentrations at Line Creek Rock Drain
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Figure E.5.3.2 Trace Metal Concentrations at West Line Creek Rock Drain

139
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Figure E.5.4.1 Trace Metal Concentrations at Bodie Creek Rock Drain
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Figure E.5.4.2 Trace Metal Concentrations at Gate Creek Rock Drain
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Figure E.5.2.3 Trace Metal Concentrations at Erickson Creek Rock Drain
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Figure E.5.5.1 Trace Metal Concentrations at Corbin Creek Rock Drain
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E.6 Comparisons of Key Parameters
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Figure E.6.1.1 Key Parameter Concentrations at Kilmarnock Creek Rock Drain
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Figure E.6.2.1 Key Parameter Concentrations at Swift Creek Rock Drain
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Figure E.6.2.2 Key Parameter Concentrations at Cataract Creek Rock Drain
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Figure E.6.2.3 Key Parameter Concentrations at Porter Creek Rock Drain
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Figure E.6.2.4 Key Parameter Concentrations at Greenhills Creek Rock Drain

Concentrations (mg/L)

1000
100
10
1
0.1
0.01
0.001
1994

1996

1998

2000

2002

Sulphate

2004

Nitrate

2006

2008

2010

2012

Selenium

Figure E.6.2.5 Key Parameter Concentrations at Thompson Creek Rock Drain

144

2014
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Figure E.6.3.1 Key Parameter Concentrations at Line Creek Rock Drain
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Figure E.6.3.2 Key Parameter Concentrations at West Line Creek Rock Drain
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E.6.4 Elkview Operations
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Figure E.6.4.1 Key Parameter Concentrations at Bodie Creek Rock Drain
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Figure E.6.4.2 Key Parameter Concentrations at Gate Creek Rock Drain
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Figure E.6.4.3 Key Parameter Concentrations at Erickson Creek Rock Drain
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Figure E.6.4.4 Key Parameter Concentrations at Corbin Creek Rock Drain
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E.7 Sulphate:Nitrate Ratio
E.7.1 Fording River Operations
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Figure E.7.1.1 Sulphate:Nitrate Ratios and Concentrations at Kilmarnock Creek Rock Drain
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Figure E.7.2.1 Sulphate:Nitrate Ratios and Concentrations at Swift Creek Rock Drain
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Figure E.7.2.2 Sulphate:Nitrate Ratios and Concentrations at Cataract Creek Rock Drain
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Figure E.7.2.3 Sulphate:Nitrate Ratios and Concentrations at Porter Creek Rock Drain
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Figure E.7.2.5 Sulphate:Nitrate Ratios and Concentrations at Thompson Creek Rock Drain
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Figure E.7.5.1 Sulphate:Nitrate Ratios and Concentrations at Corbin Creek Rock Drain

153

10000

1.00E+00

1000

1.00E-01

100
10

1.00E-02

1

1.00E-03

0.1

Se/SO4

Sulphate or Selenium (mg/L)

E.8 Selenium:Sulphate Ratio
E.8.1 Fording River Operations

1.00E-04

0.01

0.001
1.00E-05
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Sulphate, Measured

Sulphate, Calculated

Selenium

Se/SO4

Figure E.8.1.1 Selenium:Sulphate Ratios and Concentrations at Kilmarnock Creek Rock Drain
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Figure E.8.2.1 Selenium:Sulphate Ratios and Concentrations at Swift Creek Rock Drain
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Figure E.8.2.2 Selenium:Sulphate Ratios and Concentrations at Cataract Creek Rock Drain
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Figure E.8.2.3 Selenium:Sulphate Ratios and Concentrations at Porter Creek Rock Drain

155

1.00E+00

100

1.00E-01

10

1.00E-02

1

1.00E-03

0.1

1.00E-04

0.01

1.00E-05

Se/SO4

Sulphate or Selenium (mg/L)

1000

0.001
1.00E-06
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Sulphate, Measured

Sulphate, Calculated

Selenium

Se/SO4

10000

1.00E+00

1000

1.00E-01

100
10

1.00E-02

1

1.00E-03

0.1

Se/SO4

Sulphate or Selenium (mg/L)

Figure E.8.2.4 Selenium:Sulphate Ratios and Concentrations at Greenhills Creek Rock Drain

1.00E-04

0.01

0.001
1.00E-05
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Sulphate, Measured

Sulphate, Calculated

Selenium

Se/SO4

Figure E.8.2.5 Selenium:Sulphate Ratios and Concentrations at Thompson Creek Rock Drain
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