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ABSTRACT

Seepage from steelmaking coal mine waste rock dumps in the Elk Valley, British
Columbig Canadacan contain selenium (Se), cadmium (Cd), and sulfate{S@om the
oxidation ofsulfide minerals, and nitrate (NQ from blasting. The impact of these constituents
of interest (CIs) on receiving groundwater systems and the potential for their natural attenuation
is investigated. A 10.7 kmmineimpacted research catchment (West LiBeeek) was
instrumented with 13 monitoring wells and 8 drivepoint wells to characterize the hydraulics and
hydrochemistry of the aquifer system downgradient of the waste rock dDritlpcore samples
from valley-bottom sediments deed subsurfacelithologies geotechnical properties, and
geochemical characteristicsThe groundwater monitoring programlso facilitated the
development of a conceptual model of hydrogeology in a small montane valley.

An unconfined aquifer at the overburden/fractured bedrockfaate, i.e. the basal
alluvial aquifer was identified as the primary groundwater conduit for the migration of water and
solutes from the waste rock dump toward Line Creek. Vertical and horizontal dispersion of Cls
in the overburderaquifer systemvasestablishedby porewater analysis of core sampleghvée
concentrations exceed the BC water quality guidelintor aquatic life(2.0 pg/L) in 98% of
samples (n = 223). Residence timehe basal alluvial aquifer across the 650 m studyveie
determined usingH/*He age dating (& 3) and estimates of groundwater velocity to be less than
three years. The cheaal compositionof surface and groumdater samplesvere comparedo
evaluate Cls from their source through to identified discharge locaG@tchemical modelling
and measuredn situ geochemical parameteestablishedhat SO,> was aconservativeon in
solution Linear correlationof CI concentrationsvith SO concentrations in water samples
indicatedthat Se and N®werealsoconsenrative, whereas Cd was naonservative and may be
undergoing mineral precipitation or adsorption reactions insthsurface The distribution of
Cls in groundwaterwas seasonally variabland dilution was determined to be the dominant
mechanism controliig the concentratiorsf Se, S@*, and NQ™ away from the toe of the waste
rock dump and during the spring freshet. The basal alluvial aquifer downgradient of the waste
rock dump was estimated to annually discharge 16% of the water andtfesSas” load from
the catchment.
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CHAPTER 1
INTRODUCTION

The Elk Valley calfield of British Columbia (BC)s one of the major steahaking coal
producing areas of Canada. In the Valley, Teck Resources Ltd. operates fivpitopemes
using largescale removaof overburden waste rock to acces®llow coal seams. This waste
rock is then pushed into min@dit pits or adjacent valleys using edamping methods that form
waste rock dumps up to several kilometers long and often bury existing streams (Palmer et al
2010). In the Elk Valley, mining of the cebkaring Mist Mountain formation produced 25
million metric tons of coal in 2013 (Teck Resources Limited Annual Report, 2014) and over 140
million metric tons of waste rock annually (Lussier et al., 2003)0A2010, the cumulative
volume of all the waste rock dumps in the valley was estimated to be 4.7 billion bench cubic
meters (Golder Associates, 2013). Drainages from the waste rock dumps enter the Elk River
downstream of mining operations, subsequentlwifig into the United States about 110 km
downstream of the town of Sparwood, BC.

Drainages from the base of waste rock dumps contain constituents of interest (Cls)
including selenium (Se) that can be toxic or damaging to biota in downstream environments
(Palmer et al., 2010). In the mitB80s, Se concentrations at surface water quality monitoring
sites on the Elk River were below the current BC water quality guideline (WQG) for aquatic life

of 2.0 e€g/L (MacDonal d and Sese sitesibegan,to ircresde3 ) . S

in the mid1980s and average concentrations exceeded the provincial guidelines by -the late
1990s. Since 2008, Se concentrations have exc
Ryan, 2010). SAPSE (2010) notes that thedasing Se concentrations in the Elk River are
directly proportional to the total volume of waste rock mined.

Teck Resources Ltd. Elk Valley Water Quality Plan (2014) identifies strategies and
solutions to address increasing concentrations of Cls mobifired waste rock materials
including selenium (Se), sulfate ($0 and cadmium (Cd) derived from the oxidation of sulfide
minerals, and nitrate (NQ from blasting residue. However, the contribution of groundwater
thatis recharged through the waste rattkmps taheincreasing concentrations of Cls in the Elk
River is not known. The EIk Valley Water Quality Plan (2014) only addresses groundwater
quality in the floodplains of Elk River Valley, where several private and municipal wells have

recently exceedkBC WQG for Se. The primary source®&in wells found in populated areas
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is believed to be surface water recharge, particularly downgradient of river meanders (Elk Valley
Water Quality Plan, 2014). The extent of upland recharge of-mipactedwaters vas not
addressed.

Beginning in 2012, as part of a mudlisciplinary research program, an investigation was
initiated to examine the impact of Cls on a groundwater system downgradient of a waste rock
dump. The objectives of this study were threefold: tfl)characterize the hydrogeology and
hydrochemistry in the West Line Creek (WLC) valley downgradient of the WLC waste rock
dump, (2) to estimate the rates of annual groundwater flow and mass fluxes of Cls in the
dominant aquifer, and (3) to evaluate thégptial for natural or enhanced attenuation of Cls in
the groundwater system. These objectives were attained by drilling several borehole nests to
access water bearing formations and by analyzing core and drill cuttings to determine
geotechnical parametergydraulic properties, porewater chemistry, solid digest chemistry and
leached water chemistry. Field testing of monitoring wells and groundwater sampling was
conducted extensively over a twear study period.

The results of this research provide taol®valuate groundwater systems in small mine
impacted mountain catchments as well as for the implementation of subsurface monitoring
programs in these settings. Generalliydges of alpine hydrology rely mostly on surface
observations and surface watgrdlometric data rather than wells to determine groundwater
output at the catchment scale (Roy and Hayashi, 2009). This study presents an evaluation of
alpindsubalpine aquifers using a network of monitoring wells and the internal geologic
structure of thesubsurface provided by drilling:he development of a conceptual model of flow
and CI transport provides a framework to evaluate impact of coal mining on groundwater, the
contribution of groundwater to surface water quality, and preliminary site chaattar that
could guide future remedial work in the Elk Valley, BC.



CHAPTER 2
LITERATURE REVIEW

2.1 Montane Hydrogeology

Characterizing groundwater flow in mountainous terrain poses significant challenges and
studies have been limited (Manniagd Solomon, 2005 Gleeson and Manning, 2008n part,
this can be attributed to the difficulty of drilling boreholes and installing groundwater monitoring
wells in alpine environments, a result of physical constraints and regulations regarding the
protection of pristine environments (Roy and Hayashi, 2009). Studies of alpinralpire
hydrology have often used flow and water properties of springs to elucidate sources or
characteristics of groundwater flow paths (e.g. Clow et al., 2003). Thus, conceptual afodels
groundwater flow in these environments often involve a fair bit of speculation, often relying on
surface hydrometric measurements (i.e. springs, lakes, and ponds) rather than wells and surface
observations rather than internal data from drilling fordtmacture of the overburden sediment
and bedrock topography (Roy and Hayashi, 2009). Since complex interrelationships between
topography, climate and geology control groundwater flow paths and the distribution of
discharge, these environments are highigainic systems (Gleeson and Manning, 2008). The
simulation of these systems, particularly under climate change scenarios, often requires the use
of complex transient models to reproduce field observations.

Recently, studies at the hillslope scale in aptatchments also discard the suitability of
the steadystate assumptions in flow models and identify several transient water table dynamigs
(e.g. Seibert et al., 2003; Penna et al., 2015). For example, differences in the hydrological regime
of the neaistream riparian zone and the more distant upslope area have been recognized. These
studies used networks of shallow piezometers (<2 mbgs) and identified surface and bedrock
topography, soil depth, soil properties (e.g. antecedent moisture) and distanpe @msto the
stream course as the most important physical characteristics affecting thetespaboal
variability of shallow groundwater response to precipitation events. However, the processes
governing the temporal dynamics of shallow aquifers and #otorls affecting the spatial
variability in piezometric responses at the catchment scale are still not fully understood (Rinderer
et al., 2014).

In many mountain catchment studies, the flow of groundwsissumed to occur in the

shallow unconsolidateaverburden material of the basin (Tiedeman et al., 1998hese



overburden materials form valldyottom aquifers in that are important groundwater resources in
the western US and Canada (Smerdon et al., 2608hermore, these overburden deposits are
often geologically complex (i.e. the type and extent of surface materials), which is a key
controlling factor in groundwater contribution to stream flow (Hood et al., 2006; Clow et al.,
2003). Structurally complex bedrock aquifers have only recently been showsontribute
largely to lowland rivers and aquifefhus, in analyzing groundwater flow through mountain
catchments it is often useful to divide flow paths into two categories: bedrock and glacial deposit
flow (Tiedeman et al., 1998). This distinctionnche important because bedrock aquifers can
flow across topographic divides, signifying that the groundwater drainage basin may be
markedly larger than the surface water drainage aginManning and Caine, 2007jedeman

et al. also showed that in foerly glaciated terrain the groundwater recharge into a kettle lake
was up to 60% along flowpaths that involve movement in bedr&ektors controlling
groundwater flow systems ialpine terrainsidentified in catchment scale and bedrock aquifer

studiesinclude:

0 Surface topography suc-limemsonalferini ef , sl ope pr
0 Geol ogi cal controls on variability in poros
0 Climate influencing infiltration, surface t
0 Veget at niofitratienf(ForstemndSmith, 1988)

2.2Tools for Analyzing Groundwater Flow and Aquifer Characteristics

Environmental isotopes and subsurface temperatures provide useful tracers of
groundwater movement. Analyses of these tracers provides toolslt@&vgroundwater flow
paths including the relative importance of various recharge sources, the evolution of
geochemistry within a flow system, an determine residence times of groundwater.
Geophysical methodare useful nofinvasive techniques to de# aquifer geometrySeveral of
these methods are described.

2.2.1Carbon-13 IsotopeSignature in Dissolved Inorganic Carbon

Measuring the relative abundance of the stable isotope of cdfi@rin ground water

provides a means of tracing carbonate evmiuin a groundwater system andn be used to



evaluatepotentialgeochemical reactiond his is possible becausardie differences exist iHC

among various carbon reservoirs in regiograundwaterflow systens (Hutchings and Petrich,

2002) The evolubn of dissolved inorganic carbo®{C)and i t s ‘dCvalees begintse d
with atmospheric Cex h at fCaalue af rolighly7 & Vi e nbea BeRmanite (VPDB).

| sotopi c f riCdaringg®3pplantaptakeoof G@ésults in an overall depletion of

about2 2 a , iiCivalug ofbetween24 to-304 . Subsequent fractiona
during plant decomposition results in soil @i t*C values of roughly2 3 & . Di ssol ut i «
soil CG, into infiltrating waterallows it to becoméhydrated and dissociates into HC@nd

CO®, resulting in f°Ctotvdluesof arouralb & pteircemneéutwalpH o f U
(Clark and Fritz, 1997)Weathering of calcite and other carbonate minerals in the soil profile
causes DI C concentfCadevavets highevaluesructit celate saturationd U

is reached (Hutchings and Petrich, 20029r groundwatersn media containing carbonate

mi ner al s, di ssolution of cBCkctoomosetemrichedevalues, t s i 1
depending on whether dissolution iscoaing in a open or closed system with respect to,CO

Under open conditions Cpcistntore stonyly iafluenced byeheé 2z o n e
biomass carbon pool (arourd 5 & ) compared to the cd@arkbaodnat e p
Fritz, 1997)

2.2.2 Tritium -Helium (3) Groundwater Age Dating

Numerous methods exist for age dating groundwater (e.g. carborand
chlorofluorocarbon analyses); however, the simplest and most frequently used involves
analyzing water for isotopes of hydrogen and helilintium (°H) is a mdioactive isotope of
hydrogen with &half-life of 12.4 yearsand isformed naturally by cosmicay bombardment of
nitrogen and®H in the upper atmospher&linor amountsof *H are also formedy neutron
radiation of lithium in bedrockSince the 1960s°H levels have been artificially elevated in the
atmosphere bthermonuclear testing and nuclear reactor operations, as summarized in Kazemi et
al. (2006) and Solomon and Cook (2RORrebomb (naturalfH levels in precipitation ranged
from 0.5 to 20 TU, whiléH levels in precipitation in the northern hemisphere following nuclear
testing in the Arctic were in excess of 5,000 TU (Solomon and Cook, 2002). Concentrations of
*H in groundwater signify atmospheric levels®sf when the water walsist in contacwith the
atmosphere, andan be used to estimate the date of groundwater recharge (Motzer, 2007).



However, the initial recharge concentration®sif particularly in modern groundwaters, is not
always known with certainty. Anore accurate ethod to determine the age of groundwater
recharge is to measure the relative abundancéi aind helium (3)n a groundwater sample.
Tritium decays to’He (tritiogenic helium)oy particle emission following a known decay rate
that allows for a more accuesgroundwaterage to be estimatg@olomon and Cook, 2002
young shallow groundwaters other sources’téé (e.g. mantle derivedHe) are considered
negligible but atmospheritHe must be separated frotHe produced by tritium decay in the
saturated zee. This is done byneasuring thé'He content in the groundwater sample and
calculating the’He/"He ratio of the sample (Kazemi et al., 200%J/°He ratios are useful for

determining groundwater ages ranging from several months to about 50 years.

2.2.3Groundwater Temperatures

Groundwater temperature varies with depth and is a function of two main factors: the
background geothermal gradient and ambient temperature at the land surface (Stuart et al., 2010).
In shallow groundwater systems, annual perio@imgeratures variations can identify flow
processes including surface water infiltration, identify recharge and discharge areas, and flow
patterns in groundwater basifdnderson, 2005)Time-series records of temperaturegs a
stream and stream bed a0 helpful in qualitatively identifying the locations of inflows and
outflows in the streanand can also be used to estimate fluxes in groundwatam systems
The benefits of using heas a groundwater tracer include the ease of measurement andhthe hig

degree of sensitivity, which may be obtained in the field with inexpensive measuring devices.

2.2.4Geophysical Methods in Hydrogeology

Combined geophysical and hydrological studies allow for more detailed descriptions of
subsurface structure geomesriand their corresponding hydrogeological parameters. Borehole
based subsurface investigation methods are only able to provide a limited picture of the
subsurface dependent on the number wells that are installed. Hydrogeological parameters
determined in wis are subsequently regionalized for the whole aquifer by interpolation,
approximation methods or geostatistical realizatianth each approach having its own inherent
assumptiongKoch et al., 2009)Often a more robust conceptual model of groundwiber

may be developed with the additional information providsdgeophysical surveys. Two



methods that are of note in montane settings include electrical resistivity tomography (ERT) and
ground penetrating radar (GP@®JcClymont et al., 2011)

ERT measurs how resistive a volume of material is to the flow of electrical current
(Worley Parsons Ltd., 2013The process involves introducing an alternating electrical current
into the ground through a pair of electrodes and measuring the voltage drop orapotenti
difference between two separate electrodes. Surface measurements, based on electrical flow
being dispersed through the ground, provide information on the electrical character of materials
bel ow t he e(Bainesheba. 280a)Thé eesistvityof the subsurface is based on
changes in pore water and pore space geometry in rock which produces a range of resistivity
values over many orders of magnitude for common earth materials. Electrode contact with the
ground is achieved by connecting each tetele to a stainless steel stake drive ~20 cm into the
ground at a spacing based on desired resolution. Resolution and depth of the ERT survey show
an inverse relationship dependent on the electrode spacing and the total number of electrodes
(Worley Parsos Ltd., 2013) By using an array of electrodes and by measuring voltages from
various combinations of electrode pairs, multiple subsurface current paths can be sampled. ERT
profiles are produced by modelling the data through an inversion technique shall fihe
measurements made from all the different electrode combinations along a survey line.
Preliminary interpretation of profiles in natural settings can be based on known relationships
between grain size and resistivity. However, qualitative compan$&RT profiles with other
subsurface information should be performed where available since resistivity values are altered
by the quantity and chemistry of pore space moisture (Bainas 2002)

Ground penetrating raddiGPR) surveys use electromagoe(EM) pulses that are
transmitted into the ground where they are reflected off boundaries of contrasting
electromagnetic and electrical properties. In geomorphological research sediment thickness and
depth to bedrock are common parameters determinedPR/(Sass, 2006)Although its depth
penetration within standard geological materials is often limited to a few metres, the high
resolution imaging capabilities of GPR have been used to delineate subsurfatteestruc
multiple disciplines. In a GPR surey, electromagnetic pulses are transmitted theoground,
where they are reflected off boundaries of contrasting electrical and electromagnetic properties
(Worley Parsons Ltd., 2013)



2.3 Properties of Coal Waste Rock

Waste rock dumps can be severdbikieters long, up to a kilometer wide and hundreds
of meters tall (Lussier et al., 2003). These large unconsolidated landforms are problematic
because they produce changes in water chemistry as precipitation infiltrates and migrates through
the large unsatated portions (Everett, 1985). The problematic chemistry of effluent released
from coal spoil is due to the newly fractured and unconsolidated material being exposed to
aerobic conditions and water, accelerating reaction rates and the release of(Selateson et
al., 2010). Each rock emplaced within a waste rock pile has characteristic mineral constituents,
permeability and solubility that produce a complex mix of geochemical processes. Thus, a need
exists to understand the geology, internal strectyggometry, anadonstruction methods of these
landforms and how these govern the subsequent outflow of efflderds et al., 2014 Zones
of interest within the dump are also linked to dates of construction, as time sensitive behavior
like flushing and wetlering may occur.

Within coal waste rock dumps, unconfined water table conditions may exist because of
the heterogeneity and lack of internal stratification. Water level changes occur due to
precipitation at the mine site and saturated portions at the dfthe waste rock dump can
produce markedly different water chemistry. This phenomenon is common in backfill waste rock
dumps wheregthe dump is built insidghe excavation created from the mining of coal. In
situations of backfilling, the hydrogeologiceegime surrounding the pit is still intact. Once
waste material is replaced into the excavation a groundwater regime returns that may produce a
large saturated zone with markedly different chemistry than seen by placing waste rock on top of
an undisturbe location (Everett, 1985).

Where a waste rock dump impedes natural stream drainage, either the stream must be
diverted around the dump or allowed to flow in the thalweg of the valley through the boulder
layer at its base (BGC Engineering Inc., 2013). sharcting a boulder layer, or rock drain, is a
preferred option for multiple reasons including cost and ease of constrigéinarally, the end
dumping method of construction is the most economical for creating a rock drain and uses
natural segregation @ding dumping) to place coarse debris on the valley fl@artstanding
issues with rock drains are vast and their effect on the chemistry of efflagnet to be fully

determined BGC Engineering Inc., 20)3



2.4 Mobilization of Constituents of Interest From Coal Waste Rock

Previous research studying mobilizationcohstituents of intere$tom coal mining spoll

has shown these systems are primarily controlled by mineral solubility, redox conditions,
sorption and pH (Brown, 1992). Another strong continl these processes is the ingress of
oxygen and water within the dump which is often exacerbated by dump failures such as cracking
and rock slides. In western North Amerigeaste rock drainageaters have been shown to be
influence by seven primary geaahical reactions including: oxidation of pyrite, dissolution of
gypsum, precipitation of gypsum, production of carbon dioxide by oxidation of organic matter,
cation exchange and sulfate reduction. All of these geochemical reactions operate primarily
abovethe water table and occur during recharge regardless of the age of water and distance
travelled (Everett, 1985). Conditions and geochemical processes within the coal spoil that further

affect the mobility potential in the vadose zone inelud

0 Ge ot elprbperties @ coalvaste rocKlisted above)

0Geochemical gradients including hydraulic,
0 | eexchange and adsorption

OEvaporation of water

OPrecipitation of minerals (Everett, 1985)

At the base of the coal waste rodikkmpssaturated conditionsnay occur. Seasonal
variations likely produce water table fluctuations, leaching the dissolved load present from
weathering processes operating in the vadose zone. This phenomeygoroduce strong
periodicity to the release of weathegy products.

Water quality management at the Elk Valley mines was historically focused on total
dissolved solids and nitrogen forms (nitrate, nitrite, ammonia) (Kennedy et al.,, 2012). The
elevation of total dissolved solids (TD®)downgradient aguatisystemss due to geochemical
reactions releasing appreciable calci(@"), magnesium(Mg®"), alkalinity and SO;* while
nitrogen release is from residues of explosives used in the mining process. Below valley fills in
the central Appalachians, streaare characterized by increases TDS accompanied by increased

electrical conductivity and pH. High sulfate concentrations were found to be particularly



abundant and are important measures of downstream biological health due to the strong linear
relationshipit forms with concentrations of multiple metals (Palmer et al., 2010).

The concern over Cls such H€s;, Se and Cdbeing liberated from coalaste rockhas
recently become a major environmental concern in the coal mining industry. Of primary concern
is Se, a semimetallic element analogous to sulfur that is found in varying quantities in coal and
coal associated interburden. Se is an essential trace metal for organisms but has a very narrow
range between essentiality and toxicity (KuraadRiyazuddin, 2Q1). In excessSemay cause
reproductive failure and teratogenic deformities in fish and birds (Lussier et al., 2003).

25 Geochemical Controls on Selenium

Due to similar ionic radiiSe can readily substitute for sulfur and therefore has both
organic ad inorganic associations in coal and coal interburden (Lussier et al., 2003). Dreher and
Finkelman (1992) broadly attributed the following modes of occurrence of selenium in rocks as
follows: in water soluble salts, absorbed to clay surface, associatioswiiides, in fine grained
selenides, in organic association, bound to hydrous ferrous and manganese oxides (HFMO). In
Wyoming, oxidation of organic matter was found as a possible source contril3gingsurface
waters (Naftzand Rice, 1989). Howeverhbased on mineralogy and leachate correlations, the
origin of Se leaching from the waste rock in the Elk Valley is likely oxidative dissolution of

pyrite (Kennedy et al., 2012).
(FeSe) or FeS + 15/4Q+ 7/2HO Y F e ¢ 23875 + 4H" (2.1)

In many mining districts around the world the oxidation of sulfides such as pyrite
produces large amounts of acidity and subsequently acid rock drainage (Day et al., 2013). In the
presence of carbonate minerdig tacidity produced is neutralized and often results in a mildly
basic solution. In the United Kingdom studies of coal samples from mines also found strong
positive correlation between pyrite content &€ concentrations in effluent (Lussier et al.,
2003)

Selenium can exist in the, D, 4, and 6 oxidation states. The concentration, speciation,
and association of Se depend on pH, oxidatemuction potentialORP) chemical and

mineralogical composition, biological interactions, dissociation constardsreaction kinetics
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(Lussier et al., 2003). Selenide {3a@nd elemental Se (Jeare generally favored in reducing
environments, selenite (S¢Q in mildly oxidizing environments, and selenate ($80n well-
oxidized environments (Roy, 2005). Oxtig conditions exist in coalvaste rockafter
deposition,oxidizing the reduced and less mobile oxidation states of seeniResearch into
speciation of Sat Teck mine sites has shown that the dominant species seen in surface waters is
SeQ? (Day et al, 2012. In mildly basic conditionsSeQ? is not readily adsorbed to surfaces
indicating selenium will likely persist as Sgand remain highly mobile. Selenate absorption is
also markedly reduced in high ionic strength solutions, which is commofilére released
from coal waste rocdumps(Naftz andRice, 1989). Therefore, possible mechanisms of,5e0O
removal from solution may include -@ecipitation of selenium with gypsum and carbonate
minerals as reported in the literature although this meayublikely under the observed
geochemical conditions within the Elk Valley (Day et al., 2012).

Pyrite oxidation byNOs is another problem currently being examined in the Elk Valley
as a mechanism supportisgreleaseeMEND Report 10.3, 2015)This phenoranon has been
confirmed by correlation betwedO; andSein waste rockeffluent (Kennedy et al., 2012). In a
study by Wright (1999), where dissolved oxygen had been removed from groundwater, nitrate
concentration maintained oxidizing conditions suffitiém oxidize selenium. The presence of
dissolved N@ can also inhibit the reduction &e hindering possible remediation strategies
(Weres et al. 1990).

2.6 Previous Work on Coal Mine Affected Groundwater

Dreherand Finkediman (1992) addressed the issaégontamination in groundwater
within the Powder River coal district in Wyoming using various extractions of inorganic species
from core, physical water sampling from monitoring wells, analyses for major and trace elements
as well as determination of Speciation. In Wyoming it was found that the concentration of
aqueous selenium was dropping due to microbially assisuaction of Se@ followed by
sorption on clays and other sorbents. This study involved backfill and overburden materials and
indicatal that organic solutes were also important to Se chemistry because of the accompanying
redox effects (Naftz and Rice, 1989; Dreher and Finkelman, 1992). However, these results apply
to groundwater found in a small area of backfill and further researefjusged on the watershed

scale.
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As water interacts with coal waste rock it is transported through various depositional
environments at surface coal mining operations. The degree of water saturation, existing
groundwater quality and overall geochemicaiuna of the depositional environment affects the
chemistry of the effluent (Everett, 1985). In terms of soil interaction with trace metals, numerous

factors control pollutant mobility:

0Soil texture and particle size

OPore space distribution
o0Content/distribution of iron, aluminum and
OpH of soil and percolating waters

0 ORP

0Organic matter content of soils and percol a
0Concentr at ments (Evefett, 1983 ce el e

Everett (1985) discussed that pollutants moving through the saturated zone at coal mine
sites may be removed from solution. Contact with certain types of rock surfaces, intermixing
with other waters and filtration through certaintbamaterials are all possible mechanisms
decreasing the concentration of pollutants. Interaction with mineral surfaces may change
dissolved concentration through adsorption or ion exchange, precipitation, biological processes
and changes in redox. Interrmyg of different water sources may encourage interaction with
mineral surfaces.

In terms of studying mine affected groundwaters, important considerations producing
apparent decreases in dissolved concentrations of contaminants are leakage into underlying
aquifers and hydrodynamic dispersion. It has also been shown in studies that Cls can migrate to
the bottom of an aquifer prior to extensive lateral migration (Everett, 1985). Nevertheless,
specific examples of coal mine affected aquifers and determindticontributing geochemical
processes is lacking. Therefore, any attempt to limit the mobilization and transport of pollutants
at a coal mine will firstly require a robust evaluation of existing groundwater quality and the

altered hydrological regime.
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CHAPTER 3
SITE DESCRIPTION

31Teck Coal 6s Line Creek Operation

Teck Coal 6s Line Creek Operation (LCO)
southeasterBC, CanadgFigure 1). The mine site drains several small catchments adjacent to
Line Creek, a tributar of the Elk River (Fitch et al., 1998). Mean annual temperature is
approximately 5°C (9 to 15°C in summer a2do-7°C in winter). Annual average precipitation
is between 6000 mm, with roughly 55% as snow (Shatilla, 2013).

Montana
®Helena

13

®Boise City

Figure 1.Location of Line Creek (LCO) mine
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3.2 West Line Creek Catchmen®hysiography

The study siteis locatedn thesmall (L0.7 knf) West Line Creek (WLC) catchment. The
elevationin the catchment ranges from 1450etars above sea level (masl) the outlet to
approximately 2650 msl| at the peaks of the ¥kitsak range at the western ed@hatilla,

2013) The western portion of the catchment consists of a series of five alpine cirques formed
between high limestone arghndstone peaks (Figure Zhis high relié reflects the erosion
resistant Upper Devonian and Carboniferouksoihat were thrust atop young&rata during

the Cordilleran orogeny (Lee, 2011Jhus, the dominant exposed strata in the catchment are
steepand eastward dippinginits that were depated prior to the Mesozoic aged cdadaring
formation i.e. the Mist Mountain (Butrenchulk989). The azimuth of WLC is approximately

160 degrees and roughly parallel to the crest of the easternoédge catchmentformerly
known asLine Creek ridgeThe WLC valley is a kshaped valley, incised by glacial processes,
and the slopes of the valley waltsogressivelyincrease with increasing elevation above the
creek (Golder Associates, 197 The eastern portion of the valley below Line Creek ridgkeaha

thin mantle of overburden (<0.3 m) composed of weathered and unweathered sandstones,

limestones and shales above 1600 masl.
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Figure 2. Currenextent of WLC watershedhowing the five westalley cirques, @dence of
coal miningand the study sit@elineated by theed box).

Beneath the cirquesegmorphological processes have produleedescale downslope
movements of colluvium. A series ephemerastreams originating in the cirques halsocut
deep channels ia the colluvial deposits.The fifth cirque (Figure 2had observable surface
water flow for most of the summer months before being covered by coal wasia tbhekl 80s
(T. Birkham, personal communicatiofigure 3. The historicsurfaceflow at the bas of the
WLC valley was an intermittent stream (AMEC Environmental & Infrastructure, 2013). At
approximately 160 masl along the valley bottom West Line Creek flowed through an300

ravine cut into the Fernie Formation sh@B®lder Associates, 197.9)
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Figure 3.Most northerly cirque in the WLC catchment that had surface water flow for majority
of summer moths before being covered bgal wasteock.

The bottom of the WLC valley ia nearlyflat lying terrace thaslopes gently toward the
sautheast. At the southeastern edge of the catchment a steep slope marks the confluence of the
WLC catchment with Line Creek drainage basin. The steep slope is believed to have been
produced by glacial erosion during the last glacial period when the WLE&ywalls a tributary
glacier to the main stem Line Creek glacian incisedchannel formed by surface water is
evident within this area although its origin, either as a historiore#ar a posiining diversion
is unknown.Several posmining features arevident, including a2to 3m t al | earthen
dam constructed on therrace tgrevententryof waste rock debris from slope failures into Line
Creek (Golder Associates, 1978ydditionally, an undergrounatorrugated pipe drainage culvert
was instded within the terrace sediments to collect drainage from the waste rock dump.-A 1979
geotechnical proposal suggedte tculvert was builbn top ofcoarse debris placed within the
existingWLC creekchannel to accommodate larger flow volumes t@ngrotectthe integrity of
the toe danfGolder Associates, 1979\Vorley Parsonktd. (2013) conducted anagnetic survey
that defined the location othe buried culvert to the WLC outlet structur@igure 4). The
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underground drainage culvedrrentlycollects wast rock effluenfrom thetoe of thedumpand
directs it toward the WLC active water treatment facility (AWTF).

Culvert outlet £

Figure 4 LIDAR data showing the study site in red as well as the surface channel, earthen toe
dam, culvert outlet and the undesgnd drainage culvedefinedby Worley Parsons Ltq2012).

3.2.1 Bedrock Geology

Golder Associates (1979) interpreted the bedrock in the catchmemirase deposited
shales, siltstones and sandstoneghef Fernie Formation. Previous research stdtasthis
dominantly shale érmation was deposited during the Jurassic period in the Western Interior
Seaway (Poulton et al.,, 1990) and that its thickness across the western Cordillera is highly
variable (Riddell, 2012). MacKay (1931) reports that the EeFormation, owing to its soft
nature, occupies areas of low relief in southeastern B.C. and is largely concealed by alluvial
sediments. In the WLC catchment, Golder Associates (1979) report that the Fernie Formation
shaleis exposed at higher elevatioal®ng the western boundary of the catchmamd beneath
the unconsolidated overburden sediments at the base of the catchimerduggested that the
majority of the bedrock in the catchmenaswdeposited prior to the Jurassic aged coal bearing
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Mist Mountan Formation Butrenchuk, 1989)AMEC Environmentaland Infrastructure (2013)
statethat groundwater flow in the catchment occurs primarily in the fractured and weathered
bedrock, as well as through two westward dipping thrust féadetedbeneath the w#s rock
dump.However, the dominant bedrock stratigraphy of the western portion of the catchment

3.2.2Waste Rock Dump Characteristics

TheWLC waste rock dumpvas constructed using elgdimp methodérom 1981to 2012
and covers abouapproximately30% of the 10.7 knt catchment(Figure 5). The endump
method from the sidealley slopes allowed coarser materialpi@ferentiallysegregaten the
valley floor and form aock drain. The waste rock dump is approxima8fkm in length, up to
1 km wide, 200m tall and with aotal volume of 2.16« 10® m® (Shatilla, 2013).

A
N

-

Figure 5. A 3D view ofthe present dawLC catchment showinthe extent ofthewaste rock
dumpandthe extent of thetudy site(red box).

3.3 Active Water Treatment Faclity Residuals Landfill Area

In October2012 a proposed landfill sittocated orthe WLC terracevas investigatetb

determine material strengtbroperties general foundation conditions, and potential borrow
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materiab (SRK Consulting{Canada) Ing 2013). Five boreholesvere drilled to the southwest
of the waste rock dumgt the AWTF residuals landfill are@he concentrations of Cnd major
ions 8Q%, C&" and Md*) in groundwater samplesollectedfrom the AWTF boreholes were
low and were determimketo have been minimally or not impacted by mining activiteRK
Consulting(Canada) Ing 2013c)
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CHAPTER 4
MATERIALS AND METHODS

In 2012, TeckResources Ltdinitiated several mukdisciplinary studies of the WLC
catchment with university reaechers and private consultanin support of thigprogram the
University of Saskatchewan (U of S) directed borehole drilling, while core logging was
completed by SRK Consultingcanada) Inc(2013a) and core samples collected by U of S field
personnel. Mreover, a geophysical study to define subsurface features and optimize drillhole
sites was completed by Worley Parsons Ltd. (2013) using downhole and gewglyysical
methods.

Following theinstallation and developmemf monitoring wells this study wdertook
field testing and sampling of monitoring wells, sampling of groundwater springsinaiybis of
drillcore datecollectedin 2012 Reports procured as part the R&D program were used in support
of this work to refine and develop the groundwaterceptual model. Additional reports by SRK
Consulting(Canada) Inc(2013b, 2013c), completed as part of a separate program to investigate
the AWTF landfill at the southern extent of the catchment, were also used in support of this

study.

4.1Drilling and Core Sample Collection

Thirteen vertical boreholes were drilledt six sites between JuAugust 2012 at the
souhern extent of the WLC catchment (Figure 6) and to the northeast of the AWTF landfill areg,
Boreholes were drilledusing either sonic or airrotary drill rigs (Table 1). Boreholes were ~
typically drilled in nestsf two- to threeholeto target different subsurface aqu#et particular
sites Sonic drilling wasperformedusing a Boart Longyear (Sonic Rig 1524) truolounted
sonic drill rigwith 15.24to 17.78cm casing These boreholes were drilled and continuously
cored todepths ranging from 12.86.4 mbelow ground surface (mbgs)
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Figure 6. Boreholes drilled at WLC study site (shown in,rédyepoint wells (shown with
white triangles)the underground drainage culvert (white dashed,lena) the rock drain
sampling locations (blue diamondjlap coordinates displayed as NAD 1983 UTM Zone 11N.

21



Table 1 Details of drilling program.

Borehole ID Easting | Northing | Depth Date Started | Date Finished
(m) (m) (m)
Sonic Boreholes
LC-WLC-12-06a 659676 | 5532418 | 44.2 July 4, 2012 July 7, 2012
LC-WLC-12-06b 659672 | 5532409 | 25.9 July 7, 2012 July 8, 2012
LC-WLC-12-07a 659851 | 5532377 | 12.8 July 25, 2012 | July 26, 2012
LC-WLC-12-09b 659481 | 5532366 46 July 18, 2012 | July 21, 2012
LC-WLC-12-10b 659818 | 5532283 | 56.4 July 21, 2012 | July 25, 2012
LC-WLC-12-11 659961 | 5532031 28 July 14, 2012 | July 16, 2012
LC-WLC-12-12 660004 | 5532159 32 July 16, 2012 | July 18, 2012
Air Rotary Borehols

LC-WLC-12-06¢ 659676 | 5532405| 76.2 | August 3, 2012 August 4, 2012
LC-WLC-12-07b 659863 | 5532375| 16.8 July 7, 2012 July 7, 2012
LC-WLC-12-07c | 659861 | 5532372| 9.3 July 8,2012 | July 8, 2012
LC-WLC-12-09c 659484 | 5532373 | 47.4 July 4, 2012 July 6, 2012
LC-WLC-12-09d | 659486 | 5532359 | 11 July 6,2012 | July 6, 2012
LC-WLC-12-10c 659825 | 5532277 | 65.8 July 9, 2012 | July 10, 2012

Sonic coring was conducted using a 0midD (and occasionally 0.1 ID) x 3.05m
long corebarrel. Overall core recovery was approxinha@% (SRK ConsultingCanada) Ing
2013). At ground surface, each sonic core was transferred from the core barrel into a plastic
sleeve. The ends of the sleeves were immediately knotted, placed in antdd@ameter PVC
half pipe, and transferred tdvé onsite core shed. In the core shed, the sleeves were cut
lengthwise the internal temperature of the cavasmeasured by inserting a steigped Taylor
9840 Classic Instant Read Pocket Thermometdo BD mm into the core. The core was logged
for physical and lithological characteristics and photographelid Samplesverecollected at 1
m intervals (n= 223). Prior to collecting samples, the outéb Inmlayerof core was removed

to minimize sample contamination. Approximately 2 kg of each cors wallected,
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homogenized in a steel bowl, and split ifikce subsamplesSubsamples were processed and
analyzed for: geotechnical and particle sipalyses (see Sectidrb.1), squeezed porewater (see
Section4.6.2, solid digestion (see Secti@h6.4, and isotopes of water analysis (see Section
4.7.7). These subsamples were placed inside individual medium sized Ziplock® bags (17.7 cm x
19.5 cm) that were sealed after expelling all the air and subsequacted again inside a
second large Ziplock® badg26.8 cmx 27.3 cm) in the same manner. The following day the
samples were placed in coolers and shipped to the University of Saskatchewan (U of S) satellite
laboratory at Hillcrest Mines, B.where they were transferred from the Ziplock® bags into Food
Saver® bags (20 cnx 22.5 cm)and vacuum sealed secondFood Saver® bag (20 cm 27
cm)wasvacuumsealedagain to ensure an airtight seal. THaod Saver bags were weighed and
stored at room temperature and shipped to Ageeous and Environmental Geoaohstry
Laboratories (AGL) at the U of 8r processing and analysis.

To quantify the effects of drill fluid on the chemistry of sonic drill core samples, drill
water was spiked with deuteriurd®d) and sodium chloride at selected drillholes following the
methods described by Hendry et al. (20IRgsults(beyondthe scope ofthe current study)
indicated thathe coresamplegarelyexhibitedcontamination byhedrilling fluid.

Air rotary borehb es were drilled wusing JR Deilling
mounted air rotary rigvith 15.24to 20.32cm casing These boreholes were drilled depths
rangingfrom 9.3to 76.3 mbgsSolid samples obtained by air rotary drilling were in the fofm
drill cuttings collected at surfaceDrill cuttings were collected at 3 m intervals (n = 74).
Subsamples were taken for analysis by: 1) aqueous (saehSectiod.6.3 and solid digestion
(see Sectiom.6.4. A general log of lithological characterigtiavas produced basexh the

appearance afrill cuttings

4.2 Monitoring Well Installation

Monitoring wells were installed in théoreholesto target watebearingunits. Each
borehole wasonstructed usingither 5.08cm or 10.16cm Schedule 40 PVC andsareened
PVC intervalfor accessing formation watefypically 3.05m intake screens were installed in
the monitoring wellsexcept in three instances. Two shallow wéllg-07aand12-07c; 12.8 and
9.3mbgg were constructed usirggl.52m intake screerand one well (109c; 47.5mbgg with
a 6.10m intake screen. A sand pack was placed around the screened irggteating0.61i
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1.52 m above thtop of thescreenA bentonite seal (1.53.04 m) typicallyplaced above the top
of the sand pack before theildrods were pulledSubsequentlythe remainder of the annular
space was filled with bentonite chips and pellets. Select boreholes also had an additional segment
of PVC placed below the screened interval to act as a sump fegriimeed sedimentsnteing
thescreens

The monitoring wellswere developed after constructibg purging three or more well
volumesfrom thoseboreholes that exhibitedpid rechargeanda minimum of one well volume
for lower permeability unitSRK Consulting (Canada) Inc.023). The puring was done

using a small electrical Grundfos Redi Flow 2 pump equipped with a single discharge tube.

4.2.1 Drivepoint Monitoring Wells in Discharge Area

Three drivepoint wells were installed approximately 1 m upgradient of major
groundwagr springs identified in 2013 along the steep slope that characterizes the southeastern
extent of the catchmeriEigure §. The drivepoints were J288 model produced by Parts20®
and were 11/4 inches in width by 36 inches in length sledgehamnrewas usd to install the
drivepoint well to allow monitoring of hydraulic head at the grouatbw spring location. The
drivepoints where driven to depth until the water level was higher than the screened interval.

In June 2014five AMS® Gas Vapor Implants (GVI)figure 7) were installed in the
bank of Line Creek at a known groundwater discharge loc#ékaure 6) GVIs are soil gas
sampling systems, which were adapted to sample shallow groundwater as drivepoint wells. The
install location was an area of defingdoundwater seepage into Line Creek determined by
Birkham et al.(2014). The GVIs were connected to a Cole Palmer® 1/4 inch-deghkity
polyethylene (HDPEjube prior to installation. A shovel, a pry bar and an AMS® Gas Vapor
Probe Drive Kit http://www.amssamplers.com/itemgroup.cfm?CNum=86&catCNum=nire
used to place the GVIs at depths ofi@.8 m into the rocky shoreline of Line Credlhe GVIs
were 152 mm long and had an OD 127 mm  [ttp://www.ams

samplers.com/itemgroup.cfim?CNum=220&catCNuin=3
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Figure 7 AMS® Gas Vapor Implants used for sampling groundwater.

4.3 Hydraulic Testing

In-situ falling head §lug) tests wereonducted testimatehe hydraulic conduivity (K)
of the sedimentsat the depth of the monitoring well screened interval. The slug test method
involved changing the hydraulic head in a well and measuring the water level response similar to
the ASTM D404496 method (2008)Drawdown inthe wellwasinducedusing a Geotech® SS
Geosub electric pumpVater level recoverwasmeasured using) to 66s measurement intervals
ona Solinst 3001 Levelogger® Edge.

Slug tests in wlls screened irvery permeale units were conducted pneumatically
because ofite extremelyrapid water level recovery times (Butler et al., 2003). A well cap was
modified to provide an airtight seal and compressed air was delivered into the well at <70 kPa to
induce drawdown of the water levdlo determine whether test responsesewé) independent
of the magnitude of the initial displacement, 2) not affected byDamcian flow losses and 3)
not being altered by repetitive testing, normalized plots of absolute head versus log time (since
test initiation) were juxtaposed (Butleradt, 1996).

Interpretation of piezometevaterrecovery data from slug tests was conducted according
to Bouwerand Rice (1976) using spreadsheetsitable through the United States Geological
Survey (USGSHalford and Kuniansky, 2002).Three or more sly test results were used to
determine the averadéof each monitoring well using two or more initial displacementg @f

the water columnThe BouwefRice method estimatd§ based on the Thiem equation of steady
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state flow and is applicable to complgtelr partially penetrating wells in unconfined aquifers
(BouwerandRice, 1976).

4.4 Groundwater andRock Drain Monitoring 7 Data Logging and Flow Measurement
4.4.1 Monitoring Wells

A Solins® 3001 Levelogger Edgeas installed at the base of the screengetvals in
each monitoring wello continuouslyrecord total pressur@nd temperature. The pressure sensor
accuracy wag 0.05%full scale (FS) and the temperature sensor accuracyWa35°Cwith a
resolution 0f0.003°C

Solins® 3001 Barologger Edgavere installedn the standpipe of one well at each well
nestto record barometric pressure (BAhe pressure sensor accuracy was05kPa and the
temperature sensor accuracy Wa8.05°Cwith a resolution 00.003°C The barologgers were
placed at ~1Im below top of the PVC standpipe. BP measurements were used to calculate
hydraulic head by ampensang for atmospheric pressure fluctuatioms the continual total
pressure data from the submergexdelogges.

Solinst® 3001 LTC Levelogger Junpomere nstalled in slected wells based on the
results of chemical analyses of Year 1 groundwater santpleseasure electrical conductivity
from JanuarySeptember 2014The accuracy was 0.05%FS for the level sensor ard0.1°C
with a resolution 00.1°C for the temperature sensor. Data loggers recorded measurewernts
15 minfrom September 2012 to September 2014. Manual measurements of water levels were
conductedon all groundwater instrumentationonthly using a Solin€ Model 101 P7water

levelmeter

4.42 Drivepoint Wells at Discharge Areas

Drivepoint wells installed at major groundwater springs (see Section 4.2.1) were outfitted
with Solinst® 3001 Levelogger Edges and Solinst® 3001 Barologger Edges. Groundwater
discharge rates from major springs eestimatedising a bucket and stopwatch method either at

the spring or when the water traversed underneath a road through a drainage culvert.
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4.4.3 Underground Drainage Culvert Outlet

Data logging at the underground drainage culvert o(Figure 6) which receives water
from the the rock drain, was monitored by McMaster University and Resourced.td.
personnelA Solinst® 3001 Levelogger Edgpressure transducer andHOBO® U24001 data
logger were installed at the rock drain outlet structlilee instruments were secured to an
aluminum rod that wadriven into the creek. Each logger was enclosea RVC or ABS pipe
with holes drilled into the plastic to allowater toflow acrossthe sensorThese instruments
provided measurements total pressie, temperature anelectricalconductivity at 15minute
intervals. A Solins® 3001 Barologger Edgevas installed in the nearby Teck datalogger
enclosurgapproximately 2 m awayp calculatethe water level in the stream bympensang
for atmospheric pssure fluctuationsn the continual total pressure data from the submerged
levelogger

Teck Coal Ltd personnel collected flow measurements using a site specifie stage
discharge curve determined prior to therentstudy. Flow rates where subsequentlycukdted
using the stagdischarge curve and water level measurements obtained from corrected level

logger data.

444Darcyb6s Law

The rate of discharge of groundwater per unit area of porous medasnmdetermined

usingDar cyés Law:

q =—= 'Kmeanx - (4.1)

wheren is the specific discharg®) is the discharge velocity of groundwatér,is the cross
sectional areakmeanis the geometric mean & from all the monitoring wells, and-is the

horizontal hydraulic tgadient.However, because water only flows in the pore space, the actual
flow velocity (v) is greater thang, and is defined as the volumetric flow rate per unit
interconnected pore space (Schwartz and Zhang, 2004) according to:

b=— 4.2)
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wherev is the flow or pore velocityq is the specific discharge agd is the effective porosity.

4.5Groundwater and Rock Drain Sample Collection

Water samples were collected fromgroundwater monitoring wells (n = 153,
groundwatersprings and drivepoint wells(n = 189, and the rock drain (n= 160) from
SeptembeR012to Sepember2014 (Table 2)Prior to sampling the monitoring wells, three well
volumes were removed from the standpipe usi@eatech® SS Geosub electric pump toueas
thatrepresentativéormation water wadeing sampledrFlow rates of the pump were adjusted to
minimize the migration offine-grained geologic materials into the weélllater samples were
collected in clean -L Nalgen® bottles. Following sampling, theoump was decontaminated
usingdeionized water (Dlpefore use in subsequent wells. In instances of arlparmeability
unit occurring within the screened well intervalpre-cleanedand sterilized low flow bladder
pump (GeoteclBl adder pump CB ®/Hah@GPand Gebcorirol 2 Logic Undt)
PVC bailerwasused for samplingAfter groundwater samples were collected, td@perature,
pH, Eh (oxygen reduction potential, ORP), specific conductdB8p€) and liquid dissolved
oxygen (LDO)in-situ were meaural in the piezometer intake zones using an HYDROLAB®
MS5 Microsonde. Accuracy dhe measurements wet®.1°C, £0.2 pH units, +20nV, +0.02
mg/L O, and +0.001 mS/cm for temperature, pH, ORP, LDO and specific conductance,
respectivelyField alkalinity was determinedh an unfiltered groundwater sample using an end
point titration methodvith a handheldakton® 110 Series pH/mV/°C/°F Meter and a HACH
alkalinity test kit (Model ALDT). Calibration of the Microsonde sensors was performed

approximately everyen deployments and the handheld pH meter was calibrated daily.
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Table 2 Groundwater an&ock Drainsample collection intervals.

Sampling Location Sampling Interval

Groundwater Monitoring
Wells
Groundwater Springand
Drivepoint Wells

Rock Drain Sept.2012 Sept. 2014

May 2013 Sept. 2014

June 201BSept. 2014

Water samples from the rock drain and groundwater spehghe study sitevere also
collected in clean -L Nalgen® bottles Sample collection from groundwater springs using
GVIs wasdone by drawing water from the dtubing using a 120nL polypropylene syringe and
transferred to clean-ll Nalgen® bottles.Measurements of pH and temperature wendormed
as soon as possibédter sample collectionsingthe handheld®aktor® 110 Seris pH/mV/°C/°F
Meter. Accuracy of the measurements was5®@. and+0.01 pH units Field dkalinity was
determined as described above.

Subsamplesf all water samples were taken from thé Nalgen&® bottles within 24 h
of sample collection for different alyges and preservation procedures (see Sedcti@n
Depending on the type of analysis to be conducted, polypropylene syringes and disposable
Acrodisc® PES 25 mnn diameter an@d.45¢ npore sizesyringe filtes were used for filtering
subsamples. Syringegere washed with DI water immediately prior to and following sampling.

To minimize contamination of the subsample, anfl0 volume of sample water was flushed
through the filter prior to subsample collection.

Additionally, daily groundwater samples wecellected at a spring using afSCO
6 7 1 2uifo sampler. The purpose of the autosampler was to determine minute differences in the
breakthrough of a plume containing Cls that was identified in 2013. Samples were collected
using the autosampler from May 6, 20fo September 22, 2014 and were transferred into
appropriate bottles for analysis every three days. Processing samples was performed as described
above.
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4.6 Processingand Analysis ofSolid Samples

Solid subsamples from sonic and air rotary drilling werecessed before subsequent
analyses at the AGL. Sonic drill core subsamples were processed by squeezing porewater and
acid digestion ofsolid samples Subsamples ofirill cuttings from air rotary drilling were
processed byaqueous leadhg and acid digetion. Analytical methods and preservation
procedures for aqueoymhase samples obtained from processing solid core samples are
described in Section 3.6.

4.6.1Geotechnical and Particle Size Analyses

Subsamples of sonic drill core were analyzed for gratrim water contents (Q, dry
bulk density {,) and wet bulk density}{). Water loss during storage of cosampleswas
measured by weighing each sample when initially vacuum sealed and before the Food Saver
bags were opened.

Gravimetric water contents of the core samghes 123)were determined by the method
described in ASTM D22180. Aluminumfoil-ware disposable tray§.8 cmx 2.3 cm)were
used to weigh 480 g of sample prior to being placed in an oven set to 80°C for/&#Hen.24 h
the sample and tray were removidm the oven, allowed to cool, and weighed again to

determine the water loss. Gravimetric water content was calcuisitegl

Q —zpmnmnhb (4.3)

whereWw is the weight of water in the sample in grams &vslis the weight of the dry saill
sample in grams.

Bulk density analysis of core samples was conducted using the method described in
ASTM D726309 (MethodA). Bulk density measurements were performed on sartipdewere
cohesive enough tiorm a >20g clump The sample was dipped in liquid paraffin wax with a
density = 0.85 g/cthuntil a minimum of three layers of wax covered the samples. The waxed
sample wassuspended in water by an undercarriage hook and weighed. The wax was

subsequently removed, and the sample and tray were weighed. The sample and tray were then
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placed in an overet at 80°C to dry for 24 h and gravimetric water content was calculated again

according to Equatiod.3 Wet bulk densitieg () in kg/cn? were calculated using:

ZPTMTT (4.4)

whereWwslis the weight in g of the wet sample before waxWiys2is the weight in g of the
wet sample after the wax was remov®dwcis the weight in g of the waxed core suspended and
Wwaxis the weight in g of the wax on the sample in g. Dry bulk dengitig¢sn kg/cn? were

calculated using:

» 2 (4.5)

Total porosiy (¢  wascalculated using of drill core samples andhé particle density
(&) of the drill core samples, estimated to be 2.700 kijsing:

€ p — (4.6)

Particle size analysis gklectsonicdrill core samplegn = 126)was performed by sieve
hydrometer method ASTM D42@3 (2007) and LasdDdiffraction Method (LDM). Studies have
shown that sand andtdractions determined by either method are comparable, however the clay
fraction of the LDM methods typically underestimated (Stefano et al 2011; Zobek 2004).
Calibration of the LDM method to the results of siéwelrometer method was performerl five
samples of core from a single borehobtath not presentgdo correct clay size fraction
determinations. LDM analysis was the preferred methgdt allowed theautomation of the
particle size analysis. LDM analysis was performed using a Mast@s@0 and samples
were run at a laser obscurationl® 15%,dispersion pump speed of 2200 rpm and ultrasonic tip
di spl acement of 3 em for 60 s prior to data

for 20 s. Grairsize analysearereported as thaverage of three suessive laser diffraction runs
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(Sperazza et al2004). Core samples were first sieved to determine graizeld fractions, and
then were analyzed biDM to determine the sand, silt and clay fractiofesults were
presented following bited States Department of Agriculture (USDA) classification for soil
particles (<2 um clay2i 50 um silt, 50i 2000 pym sandand >2000 m grave).

4.6.2 Squeezed Porewater Samples

Sonic drill core sulsamples (n= 223; Table 3 were squeezed in a higliessue
mechanical squeezéo obtain pore water samplesing a method similar to Patterson et al.
(1978) and Bangsul et al. (2013)Core subsamples with <5%Qwere not squeezed because of
poor porewater yield (data not presented)here core sample sizeermitted, the squeeze
cylinder (316L stainless steel; 5m diam.x 80-mm long)werere-packed with additional core
up to ¥, to collect a sufficient amount of porewater analyse410 mL). A piston was inserted
into the cylinder, placed in a hydraulpress, and the pressure increased to <50 MPa and
maintained for 1 d. The squeezed porewater passed through a stainless steel fikern§(.45
before exiting the squeezer through a port located at the base of the cylinder and collected in a
clean 60mL syringe. The pH and alkalinityof the porewatemwas determinedaccordingto
Section4.5 prior to being split into subsamplel a total of 10mL of porewater was not
recovered, analysewere performedin the following order according to Sectich7: total
elemental analysi€l mL), analysis of commoimorganicanions(4 mL), analysis of common
cations and select trace elemefits mL ) ?H amch'Wiwiter isotope analysis (1 mL)
Porewaters weréltered through anylon 0.45¢ mpore size syringe filtemto separate &L

Fisher Scientific® polypropylene centrifugals.

4.6.3 Aqueous Leach Samples

Seleced drill cutting subsamples colledevia air rotary drilling were subjected to
agueoudeaching (n= 74; Table 3. The aqueous leach method used is describedBND
Report 1.20.1. (2009Approximately100 g ofdrill cuttings (excluding large rocksyvere oven
dried at 70°C for 48 h, antthen placed in a ceramic mortar and ground to natural grain sizes
using a pestel.Next, he sample was placed in a clean 980 HDPE bottleand Milli-Q® DI
water was added to ati@ of 3:1 DI water: sampleThe DI water: sample mixturgvas gently

agitatel on a shaker table for 48 dnd subsequently left to stand for ldchallow suspended

32



materials to settle. The solution was poured intor@OHDPE centrifuge vials and centrifuged
at 3000 rpmuntil suspended soil particles are separatétie supernatantrdm all centrifuge
vials were combined into one beakeihirty mL of supernatant are used for laboratory
alkalinity titration and pH The remainingsupernatantvas filtered through 0.45¢ mpore size
syringe filtes (see SectioA.5).

The porewater concentrati®werebackcalculated from the results of tiagueous leach

analyseand "Qdetermined from adjacent sonic borehadéng:

6 8@ — 4.7)

whered is the concentration of the porewateg,i€the concentration of the extraciQis the
gravimetric water content of the extracted sample and the gravimetric water content of the
equivalent depth of an adjacent sonic drill hole. When the degftithe air rotary boreholes
exceeded the sonic borehole depths, tlefrom the entire sonic borehole were averagad
used to calculate @ using themean "Qfor all samples within the air rotary borehole.
Additional detailson aqueoudeachng procedure of core samples can be found in the AGL
Quiality Control Manual (Nelson, 2014).

4.6.4 Solid Digestion

The dissolvableconcentratios of elements in theolid sampledrom sonic drillingwere
determined usingcid digestiormethods If = 167, Table 3). These data were augmented with
samples from air rotary drilling at well 4¥6¢ (n = 7; Table 3)Samples were dried, ctusd in a
Sturtevant® Jaw Crusheand then pulverized in a Siebtech®ikungsten carbide grinder.
Approximately 100 mg of pulveed sampleswere digested in a scretop Savillex® Teflon
container at 200°C for 48, lwith 2-ml of 8M HNO3; and 1 mlof 48% HF, using a method
modified from Jenner et al. (1990)he HFHNO3; mixture was evaporated to dryness, and the
residue taken into atution in concentrated HNO A second evaporation to dryness was
performed to ensure conversion of fluorides to nitrates. The residue was taken-op 8v2
HNO;, transferred to a 12l HDPE bottle, and dilutedvith DI waterto approximately 100 g.

Critical steps in sample preparation were conducted gravimetrically undeflabeaanditions,
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and all reagents were doubly distilldduplicates ofacid digestsampleq10%) were submitted

to ALS laboratoriesn Saskatoon, SKAdditional detailson the solid digest procedureare
presentedn the AGL Quality Control Manual (Nelson, 2014).

4.7 Sample Analysis and Handling: Internal Water Samples

A summary of all agueoyshase saples and analytical procedures, conducted at the

AGL, are presented in Table 3. éepusphase samples includephysical water samples

porewater samples, and processed solid sampleleéohate and acid digested samples)

Table 3 Summary of aqueous samples and analytical procedures.

Total Inorganic Isotopes
Number Element Commqn Cations of N
Sample of Analysis Inorganic and Select| Water | Alkalinity
Samples (ICP- Anions Trace ( ™ and pH
Collected MS) (IC9) Elements Ue}gd
(ICP-OES)| U0"0)
Surface and
Groundwater
Monitoring Wells 153 152 153 125 113 153
Groundwater Spring 189 187 189 150 84 161
Rock Drain 160 160 159 140 85 130
Porewater
Sonic Borehles
LC-WLC-12-06a 39 28 25 8 39 28
LC-WLC-12-06b 22 18 9 6 22 18
LC-WLC-12-07a 8 4 3 2 8 4
LC-WLC-12-09b 47 20 17 8 a7 20
LC-WLC-12-10b 50 25 17 9 50 25
LC-WLC-12-11 26 26 19 7 26 26
LC-WLC-12-12 31 2 20 11 31 2
Leachate Water

Air Rotary Boreholes
LC-WLC-12-06c 23 5 9 23 T T
LC-WLC-12-07b 5 5 5 5 T T
LC-WLC-12-07c 4 3 4 4 T T
LC-WLC-12-09c 17 17 17 17 T T
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LC-WLC-12-09d 4 4 4 4 ] T
LC-WLC-12-10c 21 21 15 21 1 ]
Solid Digests
Sonic Boreholes

LC-WLC-12-06a 39 39 1 ] ] ]
LC-WLC-12-07a 8 8 1 1 1 1
LC-WLC-12-09b 47 46 1 1 1 1
LC-WLC-12-10b 50 18 1 ] ] ]
LC-WLC-12-11 26 26 1 ] ] ]
LC-WLC-12-12 31 30 1 1 1 1
Air Rotary Boreholeg

LC-WLC-12-06c 23 | 7 | 1 | i R

Sample handling of all aqueous phase samples followed the Quality Control Program
(QCP) of Nelson (2014)All agueous samples were refrigerated °@4during storage. The
2013 2014 field season samples were transported in coolers from the study site to the AGL for
analysis. The sample handling strategy outlined in the QCP ensured thesssofirerror
associated with analyte losses and contamination were determined and addressed prior to the
commencement of this studyable 4 details the bottle types, preservation procedures and
minimum volumes required for each sample collected during2018 2014 field seasons.
Subsamples for analysis obmmon inorganic cations and selé@tce elements as well as for
total element analysis were acidified immediately after filtering to inhibit bacterial growth and
adsorption of metals to the walls ofettvessel. Subsamples were acidifiedptd ~2 using
ultrapure nitric acidHNO3). Field blanks were collected and analyzed approximately every 30
samples to monitor for possible contamination, particularly from cleaning procedures (data not
presented) of tesed 1L Nalgen® bottles. Risk control protocols were followed for all samples

and sample preparations, as outlined in Nelson (2014).
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Table 4 Bottle types, preservation methods and volumes of water required for analyses of
samples collected during 28112014 field seasons.

: . Minimum
Analysis Bottle Type Preservation Volume
i 0,
Total elem_eral 30-mL LDPE Filtered, 2% v/v 1mL
analysis HNO;3
Common inoraanic 20-mL HDPE scintillation vials
: 9 with polyethylene cone liner ureg Filtered 4 mL
anions
cap
Common inoganic . 0
cations and select 30-mL LDPE Fllterﬁﬂg/o viv 4 mL
trace elements 3
| sot obes 2Ho 20-mL HDPE scintillation vials
an dBO)U with polyethylene cone liner ureg Filtered 1mL
cap
Lab alkalinity / pH 60-mL HDPE n/a 30 mL

4.7.1Total Elemental Analysis

Total elemental analysigor 57 elementswas performed using a Perkin EIme®
NexION300D inductively-coupled plasma mass spectrometry {@8) coupled to a Perkin
Elme® S10 autosampler. The system was optimized for maximum sensitagtywell as
minimum oxide and doubigharged ion formation. A background correction technique was
required to compensate for variable background contribution to the determination of the analytes.
This correction was achieved by the use of an internal standdrdPerkin Elmer software.
Internal $andard addition and external standardization was used for calibration and
guantification. Calculationvas completed either online using Nexlon software or offline using
an Excel spreadsheéthis analysis was performedimilary to the EPA Method 6020A (Test
Methods for Evaluating Solid Waste, 2007) and to the methods describeahggrich et al.
(1990) and Stefanova et al. (200Bhemeasured uncertaintyiU) for this method was <5% at
the 95% confidence interval fall analytes of interest above - @he MDL. Full ICRMS
operating conditions, calibration procedures and method detection limits of individual analytes
arepresented irfNelson (2014)Trace element concentrations are presented hereafter using the

resultsof ICP-MS analyses.
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4.7.2Analysis of Common Inorganic Anions

Analysis of common inorganic anioitsaqueous sampléE, CI, NO,, Br, NOs, PQ,
SO,%) was performedising a Dionex 210in chromatograph system (IC&)upled to a Dionex
AS-AP autosampler. A Dionex lonPac ASBIC 2 x 250 mm anion exchange column was used
with a 900 mM K,CO; eluentat 0.25 mL/min flow rateA conductivity detector (Detection
Stabilizer, model DS3) was used after suppression of the eluent conduct@fttermo
Scientific ASRS 300 Zmm regenerating suppressorfonductivity was recorded using
Chromeleon 7.2 softwar@he MU for this method was <@&at the 95% confidence interval for
all analytes of interest above ~dthe method detection limits. Full IC operating coiuahs,
calibration procedures and method detection limits of individual analytes are listed in Nelson
(2014).

4.7.3 Analysis of Inorganic Cations and Select Trace Elements

Analysis of common inorganic catioagad select trace elementas dondy inductivdy-
coupled plasma optical emission spectrometry {@ES) and performed simildy to methods
described inthe EPA Method 200.7 and 300.A SpectroBLUE® ICP-OES coupled with a
CETAC ASX-520autosampler was use@hecommon inorganic catioriscludedsodium(Na’),
potassium (K), calcium (C4"), magnesium (Mg), phosphorus @) and sulfur ($) andselect
trace elements included selenium (Send cadmium (Cd)Conductivity wasrecorded using
Spectro® Smart Studio softwaréd background correction techniguwas required to
compensate for variable background contributiorthe determination of the analytes and was
done using an internal standard and the Spectro® softiaeaviU for this method was <6.83%
at the 95% confidence interval for all analytes witerest above ~»0the method detection
limits. Full ICP-OES operating conditions, calibration procedwed method detection lits of
individual analytes are describ@d Nelson (2014)Major cation concentrations are presented

hereafter using the ressiof ICROES analyses.
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4.7.4 Laboratory Determination of Alkalinity and pH

The dkalinity of rock drain and groundwater samples were determined by titiatibie
AGL laboratory. he analytical proceduravas based on the EPA method 310.1. The
measuremas were performedith a Radiometric ABU901 Autoburrette coupled to a TIM800
TitraLab Titration Manager, TimTalk 8 software, and a titrant concentration of ~ 0.1 M HCI.
Alkalinity in mg/L CaCQ was calculated using the Gran method of equivalence volume.
Alkalinity in porewaters wasgstimated using Hach® Aquacheck test strips for total alkalinity
and is reported mg/L CaGO

The pH was measured using an Oakton® 110 Series pH/mV/°C/°F Meteuracy of
the measurements was &0.pH units.

4.7.5 lon Balance

lon balances were calcuéat and examined for the rock drain, groundwatet squeezed
coresamplesas a qualityassurance check of the chemical analySesface and grounchter
should be electrically neutral, and therefore the anion and cation sumsessqit as
milliequivalents per liter (meg/L3hould be equal. Térelationshipcan be obtained using the

chargebalance equation and deviations from equality expressed as:

DOY —E 2 pTimb (4.6)

where CBE is theharge balance error expressed in percert the ionicvalence,m; is the
molality of cation species, and, the molality of anion species (Freeaed Cherry, 1979)The
CBE for a single chemical analysis is not a reliable gauge of the accurthey ahalysis, but the
CBE for a group of analyses becomes more credililes, the absolute value of the error is used

when calculating the overall error a population of analyses (Fritz, 1994).

4.7.6 Mineral Phases

PHREEQC geochemical modellingas conducted using determined concentrations of
elements in solutioto define mineral saturation indices (SOf groundwater and rock drain

samples(Parkhurstand Appelo, 1999)Calculation of mineral Sl is a convenient method of
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representing the equilibrium condition of a solution with respect to a mineral (Deutsch, 1997). If
a reactive mineral is predicted then its control on the concentrations of elemsolistion can

be discussed.

4.77 Analysis of Stable Isotopes of Watef ¥ a n'%D)

Rock drain, groundfater and porewater were analyzed #df a r°@ waler isotopes
using highprecision offaxis integrated cavity output spectroscopyPicarr@® L2130 High-
Precision Isotopic Water Analyzer and Picarro A0325 autosamm@eruseddr simultaneous
’H/'H and 0/°0 ratio measurements of ,8. Data collection was controlled using
ChemCorre@® software.Measurement accuracies, by using systematic samples analysis and
data normalization procedures presented in Lis et al. (20@8+0.84 f o H and +01& for
U0 relative to Vienna Standard Mean Ocean Water (VSMOW).

Analysis oftP’H  a r®@ waler isotopesvas also performed on sonic core samples by
measuring the stable isotopic composition of headspa@evidpor using bDiquid) T H2Owapor)
Equilibration Laser Spectroscopy at the AGL in Saskatoon, SK. First core samples were allowed
to equilibrate isothermally to 100 relative humidity conditions mediumsizedZiplock® bags
filled with H,O-free dry air. A second large Ziplecbag wasevacuated around theflated
medium sizedZiplock® bag to prevent leakage and atmospheric moisture contaminaktien.
samples were left to equilibrate fapproximately3 daysto reach liquidvapor and isotopic
equilibrium with the surrounding enclose@duspacgWassenaar et al., 2008)wo water
standards with?H a %@ valiiles that bracketed that of the pore waters in the Smmles
were prepared and run after every four sampleteect for instrument drift and to normalize
the results tahe VSMOW scale.Samples weranalyzed on the Picar®o Cavity Ringdown
Spectrometer L1162 The accuracy of this method, basedlaboratory standard waters ahd
analysis of replicate core samples, was better th&8a ar®3a f @H and i*0
relative to VSMOW (Hendry et al., 2013).

4.7 8 Inorganic Selenium SpeciationrSampling and Analysis

Inorganic selenium speciation (n = 10) samples were collected intermittently during
monitoring well sampling (see Sectigh5). Water samples were filtered into -fif. amber

propylene btles and frozen within 12 bf collection. Prior to analysis water samples were
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thawed to room temperaturédnalysis was performedn a Perkin EIm&® Flexar High
Perfomance Liquid Chromatograph (HPLEupled to an ICRMS (see Sectio 4.7.1). The

HPLC used &amiltonr® PRRX100 5 pm 4.6mm x 150 mm PEEKcolumn; the solvent was 5
mmol ammonium citrate, 2% (v/v) methanol, and the pH was 5.2 with an isocratic elution at a
flow rate of 1 mL/mimte Full information onHPLC-ICP-MS analysiscan befound in the AGL
Quiality Control Manual (Nelson, 2014).

4.8 Groundwater Isotope Sample$ External Laboratories

Groundwater samples were taken for analyses HEHe and 2)i*Cpic. These water

samples were collected usingsaotech® SS Geosub electric pu(spe Section 8).

4.8.1Tritium -Helium (3) Groundwater Sampling and Analysis

Tritium-Helium (3) samplegn = 3) were colected at three monitoring welis August
2013.Tritium sampling {H) followed the method described by tBéssolved Gas Service Center
Laboratory at the University of Utah
(http://www.noblegaslab.utah.edu/pdfs/tritium_collection.pdf). Two 500mL low-density
polyethylene (LDPE)ottleswere used to ctdct the sampleThe bottles were filled until no
headspace remaine@sd were stored in a dark cool location until shipm@&atal dissolved gas
pressure (mmb), barometric pressure (mngl] dissolved oxygen (mm@) and water
temperaturg®°C) measurements weperformedusing a PT4 Tracker Lum®! probeafter each
tritium samplewas collected. The probéook mesurementevery five minutes until three
measurements were equivalent, showing equilibration had been reatdladn gas {He)
concentrations were tirmined byin-situ passive diffusion samiplg. A 3 / 1i6 diameterand
2 dn lengthrefrigeration grade copper tube attached to a-g@mneable membramveas placed
in the screened section of the monitoring well for 48 h
(http://www.noblegaslab.utah.eddfs/standard_diffusion_sampler.pdAfter the gasses within
the sampler equilibrated with the gases dissolved in the well water, the copper tube was brought
to the surface and immediately cold welded to prevent atmospheric contamifiagoii/*He
sampls and PT4 Tracker Lumi4® probe measurements were sent Rigbalved Gas Service
CenterLaboratoryatthe University of Utah for analysis.
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4.8.2Carbon-13 Isotope Signature in Dissolved Inorganic Carbon

U*Cpic (n = 17) samples were collected during monitoring well sampling in August 2013
(see Sectiort.5). Samples were filtered into 6aL HDPE bottles and kept refrigerated until
shipment to thdsotope Science Lab (ISL) at théniversity of Calgary The method involved
extracting watersanples on a glass extraction line using anhydrous phosphoric acid. The
evolved CQ gaswascryogenically purified and distilled to arém Pyrex break seal for transfer
to the Dual Inlet of an isotope ratio mass spectron(&t&-903) for**C/**C ratio measurement
Precision andeproducibility using this technique 0.2a (n = 10 internal lab standards) for

UCpic (http://www.ucalgary.ca/uofcisl/techniqyes
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CHAPTER 5
RESULTS AND DISCUSSDN

5.1 Geology
5.1.1 Bedrock

The bedrock geology was observed at existing outcrops along the north edge of the
AWTF area at 1501514 masl (inside excavations) andrgahe eastern valley edge at 1490
masl (Figure 6). Descriptions of the bedrock geology were similar to drill core logs from SRK
Consulting(Canada)nc. (2013a). The bedroautcropswere described as massive black, brown
and grey siltstone with brittledctured zones, and occasional sandstone intervals that appeared
brown and oxidized (Figure 8). SRK Consultif@anada)nc. (2013a)described drillcordrom
bedrock as medium to high density, varying from brown to black, and weathered and fractured.
Lithological logsalso statedhatthe shale bedrockasweathered up to 18 m below the bedrock
overburden contactThe occurrence of thibedded sandstone in outcrops may reflect the
transitional period fronthe estuarine conditions at the close of the Jurassthe freshwater
sedimentation of the coal bearing Lower Cretaceous formg@Ratdell, 2012). Furthermore,
observations of outcrops and drillcore were consistent with a Golder Associates (1979) report

that describes the Fernie shale as highly erodiite, exposed sections that bredéwn rapidly

into small platey fragments.
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as brown and oxidized sandy intervals. '



The elevation of thebedrocksurfacewasdefinedusing13 boreholeghat intersected the
bedrock along with severdiedrock outcropsThe bedrock was encountered in drill holes
between 1491 masl (4@c; Table 1; Figure 6) in the NW to 1416 masl-(112 Table 1; Kyure
6) in the SE. The bedrock contact beneath the overburden sediments appearsiatimiwer
on the sidesdeepening towarthe middle of the valley, and witha general dip towards the
southeast The electrical resistivity tomography (ERT) surveysndacted by Worley Parsons
Ltd. (2013)were also used to identify the bedrock conifirley Parsons Ltd. (2013) defined
the bedrock in ERT surveys by a sudden change in resistivity with depth; from high resistivity
sands and gravels (>200 ohmj to relatively low resistivity siltstone (<100 ohim). The three

ERT surveysusedto outline thebedrocklocation at thestudysite, are presented in Figure 9
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\Q&;‘i‘\ Section H-H®
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Figure 9. Three electrical resistivity tomographgross sections generated by Worley Pagson
Ltd. (2013) presentedn a transparent grey imageéthe study siteThewhite lines on ERT cross
sections indicathe interpreted bedrock contact.

The ERT surveys were used in conjunction with lithological logs and bedrock outcrops to
create a @D mg of the bedrocloverburden contact usirdira GOCAD® software(Figure 10).

The bedrock surface beneath the overburden sediments hasshapéd morphology
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characteristic of montane valleys in the Western Cordillera similar to that described by Heusser
(1956).

0 250 500 0 250 500
Scale (m) Scale (m)

Figurel0. (a) Map of bedrock surface (masl) and (b) mageygth(mbgs) to bedrock beneath
overburden sediments; boreholes are shown with red squares and outcrops with red crosses.

5.1.2Unconsolidated Overburden Sediments

The maximumthicknessof the unconsolidated overburden sediments as identified by
borehole drilling was 64 nfFigure 10b) Characterization of the overburden using lithological
logs and the results of particle size analyses demonstrated that these sediments were glacial till,

glado-lacustine and glacifluvial in origin. A comparison between lithological logs and the
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results of particle size analyses at well nes0&@ZTable 1; Figure 6) are presented in Figure 11
as an example This borehole log was illustrative of the threeinary depositional
environments; with glacial till often occurring at greater depths and ¢gemistrine found
mostly at shallower depths. Lithological logs were simplified fiotar categories, based on the
United Soil Classification System (USCS), afifth bedrock siltstone category was added. Full
lithological descriptions following USCS methods are available in SRK Cons\lfiagada)

Inc. (2013a)while thecompleteresults of particle size analyses are presented in Appendix A.

12-06b Grainsize
Analysis

12-06a Grainsize
Analysis

12-06b
12-06¢
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Figure 1. Conparison of lithological logs and particle size analyses from individual boreholes
at well nest 1206.
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Although the boreholes at well nest-Q& were drilled <5 m apart, smaitale variability
in geology was evidenthis is important because the complafley-fill successions can result
in truncated lithofacies associations and enhances vertical connectivity for groundwater flow
(Russell et al., 2004)This occurrence is common iraleys formed by glacial action that are
frequently composed of a serie§ cut and fill structures, which are often narrower than the
overall valley (Jorgensen et al., 200@everal changes in thegeology of the valleyill
sediments were noted at well nest@&including:

1 12-06b had a thin layeof increased silt and clagt 21 m depth not evident in
other boreholes;

1 below 25 m depth the lithological logs of B¢ and 126a were not consistent;
and

1 the finegrained units between 4 to -1% depth were observed at a shallower
depth in well 1206a than 106b.

The glaciatill observed near the base of-08a (Table 1; Figuré) was composed of
heterogeneous sized particles (Figudg. IThe identification of glacial till from particle size
analyses was supported by SRK Consul{@gnada)nc. (2013a), who report that thelative
density of core samples increased with proximity to the bedrock contact, which they identify as a
basal till.

The presence of fingrained sediments at higher elevations in a number of bordheles
12-06, 1207, 1209 and12-10 boreholenests Table 1; Figure was confirmed by particle size
analyses. These were interpreted in lithological logs as ¢glacustrine deposits (Figure 11).
These intervalfiada high silt (0.01' 0.005mm) content (up to 88 and were described by SRK
Consulting (Canada) Inc. (2013a) asa medium to higkplastic clay to siltyclay unit.
Laminations were observed within this layer in both dalfeandfield reconnaissance of access
roadcuts (SRK Consulting (Canada)inc., 2013a) Varved layersare strong evidence of
lacustrine depositiofDe Geer, 1912)This might have occurred during a period in which water
was ponded within the valley due to damming of the valleglagiers or moraines

Based on lithological logs and particle size analyses, the overburden sisdappeeared
to be primarily deposited by glaeftuvial processes. Gravel sized particles () comprised
as much as 84% of the eosamples at some depths-I2 Table 1; Figure 6). Additionally,

glacial till and glacielacustrine deposits were not eaitered in each borehole. The dominance
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of glaciofluvial deposits was in agreement with the interpreted ERT surveys (Worley Parsons
Ltd. 2013) that identified subsurface paleochannels in the overburden sediment. They described
numerous high resistivitanomalies (>200 ohmm) as packages of relatively coarse sand or
gravel found in the paleochannels (Fig@efurther illustrating the dominance of gladiavial
deposition and the spatial heterogeneity of the overburden sediments.

SRK Consulting(Canada)inc. (2013a) also describes coagsained sediments in drill
core as local iceontact deposits consisting of gravels with cobbles and boulders. This
depositional environment may be reflected by the large percentage of-gzmckbparticles (>2
mm) in particle size analyses. The existence of boulders and cobbles may have suggested recent
glacial readvances during deposition of the overburden sediments. Based on the dominance of
gravelsized particles, a braided stream deposition model for the overbsediments was
proposed. Other requirements of the braided river deposition model are abundant sediment and
sporadic water discharge (Boggs, 2001), which were inferred by thickness of the overburden

deposits and the recent deglaciation of the Western @vadiHeusser, 1956).

5.2Hydraulic Properties of Geologic Media

Following the definition of the geologic units using lithology, the hydraulic properties of
these units were determined. These methods included performing instantaneous change in
hydraulc head (slug) tests, geotechnical testing of core samples and monitoring hydraulic head

in wells.

5.2.1Hydraulic Conductivity

Hydraulic testing of monitoring wells in the overburden sediments with wells screens
completely submerged beneath the wateretghl= 8) indicated that th& ranged over two
orders of magnitude from 1.1x%@o 4.3x10° m/s (Table 5). The geometric meankoffrom
these tests was 3.4x1@n/s. Howevertwo of theseestimatel K valuesmay have been less
accurate dueta pardiilatld d ion @212 @dble 1; Figureanda broken well
screen (12-09c; Table 1; Figure 6; Figure )2 These monitoring welK-tests may have
underestimated th& of thebulk f or mat i on. T h elikely sesulted éramwelln 6 we |

developmety where overpumping of the wells at high ratean pull fine-grained sediments
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preferentially from the top o& screened interval (Driscol, 1984). Fgeined sediments that
occurred in the formation above the screened interval may have also slump#teistyeen
during well development.

The values ofK reported by SRK ConsultingCanada) Inc(2013c) for the AWTF
monitoring wells were from 2x10to 4x10° m/s (n= 4), suggesting the range &f in the
overburden sediments across the catchment mayeag¢eg than three orders of magnitude. The
variability of K in the overburden sediments reflected the geological heterogeneity of these
deposits, although most wells were screened in the gravel dominatedflyleigibsediments.
However, two monitoring wks that were hydraulically tested appeared to be partially screened
in glacial till deposits as well (220b and 1212; Table 1; Figure 6). The range k was
consistent with reported values for gladiavial deposits by Freeze and Cherry (1979), who
stae that the bedded character of fluvial deposits imparts a strong textural variability and in turn
causes a strong heterogeneity in the distribution of hydraulic properties. Conviarsdy, K
valuesmeasuredn monitoring wells within the shale bedrofk= 2) were within one order of
magnitude. Thé& obtained from these two tests ranged from 1.2%®07.6x10° m/s (Table 4),
with a geometric mean of 3.3x¥n/s.However,oneof theseestimate K valuesmay have been

less accuratdue toa completelyd s i | t ed | f(1B10cvkgurk 12Fable J Eigure b

Table 5. Summary of hydraulic conductivities (K) measured in monitoring wells with completely
submerged screened intervals.

Borehole K min (M/S) |K max (M/S) K pean (M/S)| Geology Comments
LCO-WLC-12-06a | 1.0x 10" | 1.2x 10" | 1.1 x 10" | Overburden
LCO-WLC-12-09b | 1.1x10° | 1.4x1¢ | 1.2x 10 | Overburden
LCO-WLC-12-09c | 5.9x 10 | 9.2x 10| 7.5x 10 | Overburderibroken well screen
LCO-WLC-12-10b | 2.7 x10' | 2.8 x10° | 2.8 x 10" | Overburden
LCO-WLC-12-1IN | 1.2x 10" | 1.6 x 10} | 1.3 x 10" | Overburden]
LCO-WLC-12-12 | 3.7x10° | 47x10°| 4.3x 10 | Overburder{1.5 m of screened interval 'sited
LCO-WLC-12-10c | 6.9x 10 | 8.2x10°| 7.6 x1¢ | Bedrock |3 m of screened interval 'sited in'
LCO-WLC-12-06¢c | 1.1x10° | 1.6 x 10 | 1.4x 10 | Bedrock
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dwate
from the screened interval below

Broken PVC screened interve

Figure 2: Downhole images tak near the bottom of (a) well -lDc where no screened PVC
interval was oObserved because t 0% withalbrbkenwas f
PVC screened interval.

5.2.2 Porosity

The porosity§  of core samples from the overburdempasits varied from 0.16 to 0.49
(n = 123) with an arithmetic mean of 0.30. The results of particle size analysig arfor
monitoring well 1210b (Table 1; Figure 6) are presented as an example in Figure 13. This data
displayed the increasad of the glacielacustrine compared to the gladlavial deposits and
also illustrates the loss of competent core in ghlonaal deposits on which geotechnical

analyses could be performed. Evaluating core samples from all boreholes showed
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changed between the three dominant depositional environments (see Section 5.1.2). The average
¢ values of glacidfluvial, glaciolacustrine and glacial till sediments wér€6 + 0.060.38 +

0.05 0.33 £ 0.06respectivelyTable 6) The heterogeneoymrticle sizes in glacial till units was

shown to produce an intermediate when compared to the other two depositional
environments. However, apparent loss of competent core from agrarsed sediment intervals

may have biased results for determination, with fine grained units favorably represented. The

¢ of the shale bedrock was determined to be lowest measured geologicu2@ #t0.04(n =

4). Complete results for porosity with depth in boreholes are displayed graphicallypéendig

A alongside the results of particle size analyses.
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Figure B. Porosity values of core samples collected from monitoring well0Ob2shown with
the results of particle size analysigdso shown is the approximate average wateellénverted
triangle) for the study period.
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Table 6 Maximum, minimum and average porositfycore samples grouped Hdgpositional
environment of unconsolidated overburden sediments.

Number Max Min
Geology of : g Mean Porosity
Porosity | Porosity
Samples
Glacio-fluvial 68 0.49 0.16 0.26 £ 0.06
Glaciolacustrine 15 0.45 0.26 0.38 £ 0.05
Glacial Till 37 0.45 0.22 0.33+0.06
Bedrock 4 0.25 0.16 0.20 £ 0.04

5.2.3 Hydraulic Head Monitoring

The maximum, minimum and average hydraulic head valeesrdedusing downhole
data logger®ver atwo-year period (Septemb@012 Sepember2014)is presented in Tablé
Average hydraulic head values were ocdyculated for periods when there was water within the
well. A review of lithologicallogs and hydraulic headata indicated that unconfined aquifers
formedin the bedrockabove the shale bedrocki @ mbgs)in the overburden depositnd
above theshallow glaciolacustrine deposits (85 mbgs). Thick unsaturated zones (from
approximately 7 to 45 mgbs) existedoae thee aquifers Portions of the overburden aquifers
may be semconfined as demonstrated at welk2b (Table 1: Figure 6) wheretlain layerof
clay and silt was encountered above the well sciietenval locally separating this aquifer into

two pats.
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Table 7.Maximum, minimum and average hydraulic head values at each well.

. Depth to
Monitori Max._ Min. : Mean_ Range in Mid%le of
onitoring Hydraulic | Hydraulic | Hydraulic :
Well Geology Head Head Head Hydraulic | Screened
(masl) (masl) (masl) Head (m) | Interval
(mbgs)
12-06a | Overburden 1506.2 1496.8 1500.8 9.4 12.1
12-06b | Overburden - - - - 21.2
12-06¢ Bedrock 1470.8 1464.0 1467.3 6.8 74.1
12-07a Bedrock 1478.2 1477.8* 1478.0 0.4 11.1
12-07b Bedrock 1477.6 1475.6 1476.2 2.0 13.0
12-07c | Overburden 1482.3 1480.7* 1481.5 15 7.2
12-09b | Overburden 1494.6 1488.8 1490.6 5.8 42.2
12-09c | Overburden 1499.5 1490.5 1491.5 9.0 37.2
12-09d | Overburden 1518.0 1514.5* 1515.0 3.5 7.7
12-10b Overburden 1462.9 1452.9 1454.8 10.1 45.6
12-10c Bedrock 1459.2 1451.9 1454.5 7.2 62.8
12-11N | Overburden 1441.7 1439.2 1440.1 2.4 5.0
12-12 Overburden 1443.8 1441.9 1442.4 1.9 22.2

* Denotes bottom of screened interval in the monitoring well.

The hydraulic head across the study site fluctuated rapidly in response tofsgsingg
and precipitation event<senerally, greater yearly fluctuations were observed in monitoring
wells screened at greater depths in the overburden sedim€abde (7). Hydrographs
representative of annual trends in hydraulic head from selected monitoring wells located in the
overburden sediments and bedrock formation are presented in Figureafidnuvh hydraulic
head values were generally observed at the begjnof June suggesting the hydraulic head
response of the groundwater system was dominated bysmiwwHowever, kallow monitoring
wells and thosdn proximity to the toe of the waste rock dump had increased hydraulic head
values sooner in the springatinthe remaining wells (i.e. 4ba and 1D7c; Table 1; Figure 6).
Also shown are representative hydrographs from the AWTF area, which displayed a more muted

5.2.3.1 Hydraulic Head Flictuations
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hydraulic response to spring freshet than the remaining monitoring wells. The hydraulic head

data from all monitoring wellsvith time areshown in Appendix A.
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Figure M. Hydraulic head hydrographs from monitoring wells in the overburden sediments
(black), the bedrock formation (grey), and AWTF area (red). Next to the monitoring well label is
the deph of the bottom of the screen intake zone.

An evaluation of hydraulic head hydrographs, stream elevation, and stream discharge
may have also demonstrated there was low connectivity between the majority of aquifer
monitoring locations and the stream, tlee rock drain. The approximate elevation of the intake
of the underground drainage culvert was 1500 masl at the toe of the waste rock dump (Worley
Parsons Ltd., 2013), suggesting shallow monitoring wel8@&and 109d (Table 1; Figure 6)

that formedon top of the shallow glaciacustrine sediments were the only wells sufficiently
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elevated to interact with the rock drain. Additionally, the annual hydraulic head pattern in all
monitoring wells did not appear to reflect the changes in discharge atltlegt mutlet (see
Figure 28). Following sprinfreshet the aquifers and rock drain responded simultaneously, with
a sharp increase in hydraulic head and discharge, but during the recession period streamflow
diminishes quickly and groundwater levels deelgradually. During this recession period, the
apparent poor correlation between streamflow and groundwater levels may have demonstrated
the dominant influence afatural recharge sources (i.e. titg rock drain) on the aquifers.

Mean hydraulic head recded in monitoring wells were up to 1.7 m higher in Year 1
(Sept. 201RSept. 2013) than in Year 2 (Sept. 20%8pt. 2014) of the study (Table 7). The
difference in hydraulitbhead between Year 1 and Year 2, particularly at the shafiomitoring
well 12-06a may have reflected a difference in precipitation received at the study site. The
nearby Sparwood, BC weather station (Environment Canada, 2015) receedndliotal

precipitation in Year 1 and only 28nm precipitation in Year 2.

Table 8.Monitoring wellsthat displayed differences in hydraulic head between Year 1 (Sept.
2012 Sept. 2013) and Year 2 (Sept. 20%8pt. 2014) of the study.

2013 2014 .
Difference
Mean Mean in Annual
Well Geology | Hydraulic | Hydraulic .
Hydraulic
Head Head Head (m)
(masl) (masl)
12-06a | Overburden| 1501.7 1500.0 +1.7
12-09c | Overburden| 1491.5 1491.2 +0.3
12-09b | Overburden| 1491.0 1490.3 +0.7
12-10b | Overburden| 145%.1 1454.4 +0.6
12-12 | Overburden| 14425 1442.4 +0.1

Fluctuationsin hydraulic headverealso attributed to individuakinfall events. A large
precipitation event from June 18 20, 2013(100+ mm fell overa 48 h period) haé marked
impact onhydraulic head values (Figure 13)ells 1209d (screened 6.2.2 mbgs), 1206a
(screened 1013.3.5 mgbhs) and 1Q9c (screened 34.20.2 mgbs) yielded an apparent rise in
hydraulic head of 3, 2.2 and 1.9 m, respectively. Shallow groundwater wells responded more
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rapidly than deeper wells to the precipitation event, displaying the greatest magnitude and most
defined peak for hydraulicdad. With increasing depth the rise in hydraulic head in monitoring
wells was delayed, haal loweramplitude and a less defined peak. The hydraulic head response
in wells screened in bedrock (data not presented) hatbwest amplitude andeastdefined

peak, and was attributed todifferences in the hydrologic properti€s.g. porosity) of this
geologic unit Additionally, the different hydraulic responses between monitoring welld

also be causely changes irsubsurface soil characteristics and aatlent moisture conditions
(Hannel, 2011). Antecedent moisture conditions in the subsurface at the time of the large
precipitation event were likely elevated due to recent sm&lt, and hydraulic head values were
receding following maximum levels duringelto spring freshet.

The large increase in hydraulic head following the June 2013 precipitation event
demonstrated that other causes of the water table rise may have occurred for this particular event.
For instance, infiltrating rainfall may have trapped ia the unsaturated zone between the
wetting front and the water table producing the Lisse effect. Crosbie et al. (2004) discusses that
the Lisse effect occurs when the water table rises disproportionally to the amount of precipitation
and subsequentlyigbipates quickly over approximately two days. This occurrence was evident
in Figure 14a and Figure 14b, where shallow monitoring wells displayed a steep recession limb
on their hydrographs. After two days the recession limb of shallow monitoring welsnbec
more gradual and represented the actual change in hydraulic head due tq rainfatharge.
Removal of the steep recession limbs on the hydrographs displayed in Figieen@bstrated
that the amount of recharge was more consistent across vaigptgs than the previous
estimate, with wells 1:P9d (screened 6.9.2 mbgs), 1D6a (screened 10.53.5 mgbs) and 12
09c (screened 34.20.2 mgbs) yielding a rise in hydraulic head of 2.0, 1.5 and 1.9 m,
respectively.

Estimates of recharge from the JW@®L.3 precipitation event were calculated using the
water table fluctuation method, where the change in hydraulic head can be multiplied by an
estimate of specific yield ($(Crosbie et al., 2005Johnson (196 7eports that the minimum,S
possiblefor unconsolidated depositsf sand to coarse grayedf which the bulk depositin this
studyis composedis approximately0.10 to 0.12. Based on these estimates,ofh® amount of
recharge to the aquifers was greater than the volume of rainfall by ableash and therefore

the amount of recharge could not be accounted for by precipitation alone. This demonstrated that
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an additional cause of water table fluctuation was present in the overburden sediments and may
have occurred from upgradient or lateraligrdwater flow. An evaluation of a September 2014

rainfall event yieldec similarinterpretation (data not presented).
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Figure B. Water level responses (solid [jrte the June 2013 precipitation event (grey bars); (a)
well 12-09d (screened 6.8.2 mbgs), (b) well 1-D6a (screened 10.53.5 mgbs), (c) well 12
09c (screened 34.20.2 mgbs).

5.2.3.2 Perched Aquifers

Monitoring wells 1209d and 126a (Table 1; Figures) were screened in gravel
sediments at shallow deptfs15 mbg$ above the fingrained glacidacustrine deposits (see
Section 5.1.2). A review of lithological logs and hydraulic head data suggested that thick
unsaturated zones existed beneath theeserkintervals of these wells. For example, a062,
the adjacent well 2P6b (Table 1; Figure) was screenedfrom 19.6 22.6 mbgsand was
continuously dry. As such, these two monitoring wells were considered perched aquifers
(Schwartzand Zhang, 2004).The glacielacustrine deposits identified at B mbgs were
interpreted as controlling the development of perched aquifer conditions. Perched conditions
were only observed in well 129d for approximately three months each spring following snow
melt and &rge precipitation events (see Appendix A). The perched conditions at weial2
continued throughout the study period and had a wide range in hydraulic head values (9.4 m)
compared to well 1:D9d (35 m; Table7). Additionally, well 1206a had a substaak saturated
thickness(up to 10.2 mabovethe bottom of the screened interval. The close proximity of the
well to the waste rock dump suggested the continuous perched conditions were a product of
hydrologicalconditionsrelated to the rock drain. Outflofrom the waste rock dump through the
rock drain was interpreted to maintain the perched conditions throughout the study.
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Multiple groundwater springs were observed at $iteextent of the catchment (Figure
15). These springs were observed betw£é48 and 1481 masl and were considered to be
associated with perched aquifers because bedrock mapping (see Section 5.1.1) suggested the
bedrock surface was at elevation$420 masl| at these locationBhe marked differences in
elevation of the groundwater springnay have demonstrated leakage beneath theyfaieed
glaciolacustrine sediments was occurriddgajor groundwater springs that flowed continuously
(Seep 1, 2, 7a, 7b, 7c; Figure 16) were located between 1453 and 1461 masl. The hydraulic head
of the peched aquifers were monitoring at two groundwater springs, Seep 1 and Seep 2. Minor
groundwater springs at elevations >1462 masl and <1452 masl flow only during spring freshet,
approximately May through July. Groundwater discharge rates in the major spengsip to

0.0031 ni/s during springreshet but were <0.001 f¥s during the winter months.

Scale (m)

Figure B. Groundwater springs (white dots) along the southern extent of the catchment with
labels denoting springs that flowed continuousisoughout the year. Contour lines represent 2
m intervals insurfaceelevation (masl).

Average hydraulic head measurements (2@024) collected from the drivepoint wells
and monitoring wells (1:B6a, 1209d; drivepoint wells at Seep 1, Seep 2; and AWVEHSs 12
01, 1203, 1204; Table 1; Figure 6) were used to create a water level map of the perched
aquifers (Figure 17). The water level map was created assumirthabatdata reflectealsingle
laterally extensiveperched aquifer. It illustrates th#te groundwater flow direction in the

perched system was generdltythe SSE.This flow direction was confirmed by the occurrence
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of Cls in groundwater spring samples as far as Seep 2 (~720 m from the intake of the
underground culvertydraulic head dat from the drivepoint wedlat Seep 1 and Seep(gee
Appendix A)as well as monitoring well 1@9d suggestethat the saturated thickness of the

perched aquifersmay have beer4.0m.

zZ—>

Figure I7. Water level map (masl) of the perched agpsif (shown as a single aquifer)
constructed using average hydraulic head values. The wells used to generate the contour map are
shown in red and bedrock outcrops are shown with a red cross.

5.2.3.3Basal Alluvial Aquifer

A thick saturated zone was encoened in the overburden deposits directly above the
contact with bedrock shale and was termed the basal alluvial aquifsradquifer waslargely
overlain byashallow confining layef<15 mbg$ that was separated from the underlying aquifer
by a thick usaturatedzone The lowefK shale bedrock likely provided the lower boundary upon
which this aquifer formed. Based on lithological logs and particle size analyses (see Section

5.1.2) it appeared that the basal alluvial aquifer was within the gravel patewit and glacial
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till sediments. This aquifer had a maximum saturated thickness up to ~18 m, as determined from
the mapped bedrock surface and the hydraulic headd&at®c and 1210b; Table 1; Figure 6).
The greatest saturated thickness and largestadmange in hydraulic head (9.1 m) were
measured in monitoring wells located in the thalweg of theh&ped bedrock surfa¢@2-09c
and 1210b; Table 1; Tabler; Figure 6). Along the eastern periphery of the valley, the basal
alluvial aquifer thinnd and the annual range in hydraulic head decreased to <3 m. Saturated
conditions were only observed in these peripheral areas during spring fresb&tc{Table 1;
Figure 6). These observations also suggested that the concave upward topographypasfthe
the shale bedrockurfaceas well as the input of water following spring freshet and precipitation
events controlled the lateral and vertical extent of the basal alluvial aquifer. This interpretation
on the extent of the aquifer, and the perceived f@ths within it, were also supported by the
recharge calculations using the water table fluctuation method (see Section 5.2.3.1). Recharge
estimates using this method exceeded the volume of rainfall during several precipitation events
that were examinedlemonstrating that there must be a rapid lateral transport of recharge waters
to the deeper portions of the overburden sediments as controlled by the bedrock topography.

A water level map of the basal alluvial aquifer was generated (Figure 18) from the
measured hydraulic heads in seven wells (2073 12-09b, 1209c, 1210b, 1211, 1212 and
AWTF well 12-05) and the Line Creek stream elevatidie hydraulic head measurements on
the waterevel map are presented as average water levels ini 2012. A similar set of
contours was developed if monthly average levels vgemgerated datanot presented)The
contours of theewater level maprefleciedthe topography of the bedrock surface, revealing the
important control that the bedrock surface has @umgwater flow (e.g. gradient and direction)
in the overburden sediments. The water table sloped in the same direction as the bedrock
thalweg, toward the SSE, which was similar to the perched aquifers as well.
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Figure 18. Water levelmap of the basal alluvial aquifer constructed using average hydraulic head
values (maslpnd Line Creek stream elevatiofhe wells used to generate the contour map are
shown in red and bedrock outcrops are shown with a red cross.

5.3 Groundwater Temperature Monitoring

Groundwater temperatures measured using data loggers ranged from 1.8Ctca6B
were cooler and less variable with increasing depth (Figure 19). Groundwater temperatures in
shallow monitoring wells approximated mean annual air temperatstC), although the
influence of constructed sedimentation ponds near several monitoring wefiaoted, i.e. well
nest 1207 and well 1211 (Table 1; Figure 6). Shallow groundwater temperatures are generally
expected to bei2°C higher than the meanrual air temperature and reflect the cyclic nature of
surface air temperature albeit with increasing dampening of this cycle over depths <20 m (Busby
et al.,, 2009; Bense and Kooi, 2004). Infiltration of ponded water may explain the bias of
temperatures at2-11 (located ~5 m from a sedimentation pond) below the mean annual air
temperature because the adjacent pond was large enough to persistugdaand was not
expected to freez its full depth Well nest 1207 (1207a, 1207b, 1207c) located ~8 mrém
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several small ponds seemed to remain above the mean annual air temperati@Chy 1
consistent with the elevated temperatures of the rock drain water (data not presented) that fed the
ponds directly adjacent to these welssilfieDughan et al(2015) present temperatures in
multiport boreholes atop the waste rock dump of up to 15°C.
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Figure B. Temperature ranges measured in WLC monitoring wells (* denotes incomplete
temperature record) shown with red (overburden) and grey (bedcotd) bars.The mean
annual air temperature is shown with a dashed line.

Deeper wells in the basal alluvial aquifer generally had a cooler and narrower range in
groundwater temperatures. The coldest groundwater temperatures were measured Q9eell 12
atthe northwest edge of the study site. The deeper wells appeared to be up to 2°C cooler than the
mean annual surface temperature and may have represented water dominantly recharged at
higher elevations. Similarly, two shallower wells {02d and 1206a) mg have represented
water recharge at higher elevations as well. Annual surface air temperatures at higher elevations
were expected to be cooler and characterized by a greater proportion of snow relative to rain than
at the valley bottom. For instance, Sha{2013) stategn 2012 between 1300 and 1850 masl the
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proportion of snow to rain at WLC varied from 28 to 6@arbour et al. (2015) determined that
the catchment has a local temperature and precipitation lapse rate of approxné8si$/100
m and 21 mm/100 m change in elevation.

Groundwater temperatures in deep bedrock wellsOG2 1210c; Table 1; Figure 6)
were below the mean annual air temperature. However, it was noted that the temperatures in the
deepest well (1:-D6¢c; 80 mgbs) were consistBnelevated above all wells between 30 and 60
mgbs. Manning and Caine (2007) report that groundwater temperatures found in deeper bedrock
monitoring wells in mountainous terrain may be influenced by geothermal gradients due to
limited groundwater circulan. The lowK of the bedrock supported that limited groundwater
circulation was occurring in this zone but further study would be required to positively identify
the influence of geothermal gradients at these depths.

Groundwater temperature trends varlegd location and were evaluated in thweries
plots using the more preciselfist® 3001Levelogger Edge data loggers (Figure 20). Overall,
the maximum temperatures in individual overburden groundwater wells were observed in winter
prior to spring freshett which point temperatures gradually decreased over the summer months.
This phenomenon may have been attributed to the presence of waste rock effluent in the aquifers
as high temperatureseremeasured in muHport boreholes drilled atop the waste ralcknp (up
to 15° C; EssilfieDughan et al., 2015Monitoring wells screened deep in the bedrock formation
(i.e. 1206¢c) and in the AWTF area had a less variable groundwater temperature trends and
range. SRK ConsultingCanada) Inc(2013c) reports that gundwater in the AWTF area was
not impacted by mining based on chemical analyses of water samples. Thus, monitoring wells
with no impact from mining appeared to have lessabde groundwater temperaturdhis may
have also suggested that the high grouatdw temperature variability and occurrence of
maximum groundwater temperatures in winter in proximity to the waste rock dump was the
result of minerelated activities. Groundwater temperatures for all monitoring wells through time

are presented in AppenxdA.
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Figure 20. Groundwater temperature dataoliBst® 3001Levelogger Edge) from monitoring

wells in the overburden sediments (black), the bedrock formation (grey), and AWTF area (red).
Next to the monitoring well label is theté of the bottom of the screen intake zone.

Two exceptions to the general groundwater temperature trends were noted. At well nest
12-09 (Table 1; Figure 6) groundwater temperatures decreased more abruptly during spring
freshet than the other monitorimgells. Well nest 1209 was the most northerly well nest, and
was located in close proximity to the steep western edge of the catchment beneath the high alpine
cirques of the Wsukitsakrange. The groundwater temperature and hydraulic head data from
monitoling well 1209c (screened 34.20.2 mgbs; Table 1; Figure 6) are shown in Figure 21.
The abrupt temperature decrease beginmnegarly April 2013 and 2014 was interpreted as a

result of the infiltration of snownelt water along the western portion of ttetchment (see

64



Section 63.1). A Slinst® 3001Levelogger Edge was used in Year 1 arfébéinst® 3001 LTC

Levelogger Juniowas used in Year 2.

3 1496

. i
] e
1 t I -
_ A : l =
S 4 — i Z
22 o 3 1404 E
S i IR E
= - 1 ' [ o
= o | = an
g2 by [ 2
= P ! E
g1 — [ Lo - 1492 E
i ] H ‘\ [ % "3
! 4 ; “ E.
= i‘_,‘ ‘ ‘-.. I L ]
] ‘v - ?‘1} .“'s L ‘*& B
0 T T 1 "] " T " T "1 7T "T " T "7 "7 "T1T°"] 1490
1-Aug-12 1-Apr-13 1-Dec-13 1-Aug-14

Figure 2. Well 1209c temperature and hydraulic head data showing the simultaneous arrival of
colder groundwater and increased hydraulic head. Year 1 and Year 2 temperatures are dissimilar
because different models of data loggers were used.

Another anomalous groundwater temperature trend was observed in monitoring-well 12
10b (44.147.1 mbgs; Table ;1Figure 6), which displayed a coincident timing of maximum
hydraulic head and maximum groundwater temperature (Figure 22). Groundwater temperatures
increased ~0.6°C over a wekdng period starting approximately Junadboth 2013 and 2014.

This occurrene was interpreted to be the result of ponded surface water, which had temperatures
measured as high as 16°C that subsequently infiltrated into the aquifers. The ponded water
formed due to a surface water stream (Upper Toe sampling locatiormigglduredemperature
ranged from 2.8 to 6.7°C) originating from the waste rock dump beginning in e&tyiay of

2013 and 2014. Based on observations of the timing when the ponded water formed, it was
estimated that water percolated through ~44 m of alluvialgéendal deposits in approximately

three weekslf correct, his also suggested that groundwater leakage through the shallow glacio

lacustrine sediments occurs to the underlying basal alluvial agudfakage beneath the shallow
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shallow glacielacustrine ediments was also supported by the marked differences in
groundwater spring elevations448 1481 maslsee Sectioh.2.3.2)
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Figure 2. Well 12-10b temperature and hydraulic head data showing the simultaneous timing of
maximum hydraulic head and maximugroundwater temperatures. Year 1 and Year 2
temperatures are dissimilar because different models of data loggers were used.

5.4 Environmental Isotopes
5.4.1 Isotopes of Watef T a md) U

The stableisotopecompositionof groundva t e’H & %) intbverburden sediments
ranged from-144.2 to -135.74 for (PH and-19.2to -16.84 f o %0 (Bigure 23) Monitoring
well 12-09b screened in the overburden was excluded due toigkehad ion chemistry of
groundwater at this locatiowas indicative of groundwater sourced from the bedrock (see
Section 5.6.£2). The results were plotted against the Calgary Local Meteoric Water Line
(LMWL), which was used as a proxy in the absenca &MWL for the Elk Valley.i*H and
80 values plotted close to the LMWL, indicating no evaporation effects. The mean variation in
the i0 amongst individual monitoring wells and groundwater springs was @ver the study

period, although the samples may be biased because wamg@tiisg was less extensive. The
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arithmetic mean’i™®0 values from overburden groundwater samples differed slightly among
sampling sites, ranging frorl8.7 to-18.(& . A narrow range of isotopic values comparable to
groundwater samples was also measuredgireezedporewater samplegn = 174 data not
presented). Evaluating tirseries plots of individual sampling sites (data not presented)
displayed few seasonal trends, although the anomalous temperature trends at the northern most
monitoring well 1209¢ (sceened 34.240.2 mgbs; Table 1; Figure 6) had a deplet&® when
minimum groundwater temperatures were recorded. This occurrence supported-@meihow
derived recharge mechanism proposed at this location using groundwater temperature data (see
Section 5.3)The lack of discernable seasonality at the other Bagpites was interpreted to be
caused by th¢hick unsaturated zones in the overburden sediments, vdoighl attenuate the
range of isotopic composition found in local precipitation. Clark and Fritz (1997) state that
seasonal variation in water isotopsdargely attenuated above the water table and is a function
of the physical characteristics of the unsaturated zone, the length of the flowpath and the
residence time.

The stableisotopecomposition of groundwater from the bedrdakcluding overburden
well 12-09b)ranged from149.1 to -142.8 for ifH and-19.4t0 -18.04 for U*°O (Figure 23). The
arithmetic meant*®0 values from the bedrock formation groundwater samples also differed
slightly among sampling sites, ranging freh®.0to -18.5 . The isotpically depleted values of
¥H a @ in the bedrock compared to all other water samples suggested that groundwater
within this formationrecharged under slightlgooler conditions(e.g. recharged at greater
elevations)In alpine environments there isdacrease of 0.19.58 in i"®0 per 100 m rise in
altitude(Gat, 1980; Dansgaard, 1962his also highlighted that the groundwater flow system in
the shale bedrock was different from that in the overburden and consequently may have longer
residence times.

The stableisotopecompositionof the rock drainl I  a n®@) ratiged from143.0to -
138.94 for i"H and-19.0to -17.88 f o Y°O. The rock drain water samples had similar isotopic
composition and range as the overburden groundwater samples. The arithezeti %0 values
from rock drain samples differed slightly amongst the sampling sites, ranging-I&onto -
1863 . The values offH a ri°@ in the aquifers and the rock drain approximated the average
isotopic composition of annual precipitation (&g 23b). Shatilla (2013) sampled the WLC rock
drain from April 19 to September 19, 2012 and concludes thdintited variability in isotope
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values oft*®0 associated witlthe rock drain islerived from a welmixed sourceSimilarly, the
limited variablity in isotopic values in this study suggestadhighly mixed groundwater

reservoir.
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5.4.2Tritium -Helium (3) Groundwater Age Dating

Based on®H/°He analyses,groundwater ages within theverburdenaquifes were
determined to b8.8, 12 and 2.8 yearst(0.5'0.7), respectivelyThesesamples were collected at
three monitoring wells (3P9c, 1211 and 1212, Table 1; Figure pBrepresenhg mid-screen
depths of 36, 4.5 and 22 mbgs in the overburden sediments, respectively. Ttestgrea
groundwater age was measured at well22which was located near discharge areas adjacent to
Line Creek. These results suggested that the residence time of groundwater within the
overburden aquifers was short and couldbehe order of year&n evaluation of groundwater

residence times using estimates of groundwater velocity is presented in Section 5.7.

5.5 Vertical and Horizontal Gradients in Aquifers

The vetical hydraulic gradients between the basal alluvial aquafed the bedrock
formationwere calculated to determine tpetentialvertical groundwater flowbetween these
strata Two well nests had monitoring wells screened in the basal alluvial aquifer and the
bedrock formation (-7 and 1210; Table 1; Figure 6). However, at well nestQ2saturated
conditions were recorded in the basal alluvial aquifer weHQ@&) for only a portion of the year
and water levels in the bedrock formation wells-QFa and 1207b) were near the bottom of the
screened intervals. The bottom of the screeminlvals of monitoring wells 1R7a and 1207b
were below the bottom of the screened interval 607 by 3.5 and 5.8 m, respectively. Over
the period when saturated conditions existed in welD2@ the vertical gradient with the
underlying monitoringwells 1207a and 12D7b was near unity and up to 1.3 and 1.1,
respectively. A vertical hydraulic gradient near unity suggested perched conditions existed in the
basal alluvial aquifer at well 1@7c.

At well nest 1210 (Table 1: Figure 6), vertical hydiau gradients were calculated
between the basal alluvial aquifer well {1@b) and the bedrock formation ¢(1Bc). The
distance between the middle of the two monitoring well screens wasni7The vertical
hydraulic gradient range, determined using tsages data of hydraulic head, was from 0.019 to
0.22 in a downward direction with an average of 0.055. Greater vertical hydraulic gradients were
calculated during sprindreshet, between the months of June and August, when maximum
hydraulic head values ithe basal alluvial aquifer were recorded. The lowest vertical hydraulic

gradient occurred in late winter, directly prior to the onset of sgrashet, when the hydraulic
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head values in the overburden sediments were similar to the bedrock formation eHahex

of the basal alluvial aquifer at this location wihsee orders of magnitude greater than the
bedrock formation so the vertical hydraulic gradients within each unit may be different than the
overall calculated gradient. Additionally, the rangeentical hydraulic gradients may have been
greater at well nest 120 because of a malfunctioning data logger over a portion of the study at
well 12-10c.

Vertical hydraulic gradients weidsocalculated between two wells in the basal alluvial
aquifer a well nest 1209 (Table 1; Figuré&). The vertical gradientvas calculatedoetweerthe
shallower well (1209c) and the deeper well (:RP9b), and the vertical distance between the
middle of the well screens was ~6.3 m. These wells were screened abovdoandm thick
fine-grained sediment interval composed of silt and clay (SRK Cons\jfiagada) In¢.2013a)
that was a local confining layer in the overburden aquifers above w€Bd2The semi
confining layer at this location was continuously satdaabove and below the figgained
sediment layer. The vertical hydraulic gradient ranged from 0.071 to 0.26 with an average of
0.12, indicating downward flow of groundwater through the seanifining layer. Additionally,
well 12-09b had a markedly diffent groundwater chemistry than well-Q9c, which was
interpretedto be aresult ofinteraction ofgroundwater irthis low-K overburderzone withthe
shale bedrock (see Sectio6.8.2).

Horizontal hydraulic gradients were determined for the basatiallaquifer between
monitoring wells located in the thalweg of the bedrock contactO@r2and 1210b; Table 1;
Figure 6), where the greatest saturated thicknesses were measured. Shown in Figure 24 is a map
view of the cross sections that illustrate threumpdwater system and display the horizontal
distance between wells 48¢ and 1210b (339.73 m). Based on tirseries data, the difference

in hydraulic head between the two wells was from 1.67 to 4.88 m.
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Figure 2. Plan view map shwing the crossection transects.

Thus, the maximum, minimum and average horizontal hydraulic gradient in the basal alluvial
aquifer were 0.12, 0.091 and 0.11, respectivEhys was similar to the gradient of the thawleg of

the catchment, measured usMga GOCAD software, of approximately 0.18hown in Figure

25 is the cross section-B6 i | l ustrating the average horizo
alluvial aquifer, displayed alongside lithological logs and the results of particle size analyses.
Where the saturated thickness of the basal alluvial aquifer deepens at \i2|l th2 gradient

had an apparent decrease.
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analysis resultsThe locations of the cross section is shown in Figdre

5.6 Hydrochemistry

The chemical composition of groundwater was compared with waste rock effluent to
determine the impact of waste rock gmoundwater chemistry in thdowngradienaquifers The
chemistry of the waste rock effluent was defined primauging the chemistry of water
intercepted by the underground drainage culvert sampled at the culvert outlet. As such, the
culvert waterwas assumed tepresented water flowing through the rock drain, and established
the baseline hydrochemistryf mineimpacted waterThe distribution of water types found in

geologic units and selected chemical datgpaesentedas are apparent relations among/between
constituents.
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5.6.1 Rock Drain End-member Chemistry

Two surface stream@Jpper Toe and.ower Toe samplig locations)sourced from the
toe of the waste rock dumpepresented rock drain water that was not intercepted by the
underground drainage culvert. A tirgeries comparison of major ions selected in accordance
with Day et al. (2012) (i.e. SO, C&" andMg*) for the culvert outlet, Upper Toe, and Lower
Toe surface streams demonstrated that the concentrations and trends among the three locations
weresimilar (Figure 26). The concentrations of major ions in the rock drain water samples were
inversely relatd to discharge rate at the culvert outlet, with maximum concentrations of major
ionsmeasuredvhen flow was the lowest during winter months.

BCG Engineering Inc. (2013ugged that surface water runoff gpadient of the waste
rock dump contributemorethanthan 65% of the total annual flow within the rock draiihus,
sampling of the rock drain during the late winter months in March and April represented water
that was the least diluted by runoff from upgradient of the waste rock dump. However, lnalike t
culvert outlet, flow within the surface streams only occurred in response to fi@shet(i.e.
when there was increased surface water flow within the catchm&hé implication of
collecting samples representative of the rock drain at the thra@loavas that during periods
of increased surface water flow in the catchment, waste rock effluent was discharged in surface

waters over a crosslley distance of ~354 m.
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Figure &. Time-series plots of major ionS0,*, C&* andMg?") for the underground drainage

culvert, and thaéwo surface streams (Upper Taad Lower Toe)representing the rock drain

shown as symbols alongside discharge rates at the culvert outlet shown as a blatkeline
locations of the sampling s are presented in Figuge

5.6.2Field Measured Parametersan Overburden Aquifers

The geochemical conditions within the overburden aquifers, SpC, pH, LDO and ORP,
were measuredn situ (n = 87) in wells after groundwater sample collection. The pH
measirements were also taken on groundwater samplesl@8) and forrock drainsamples (n
= 159) ex situ. Additional monitoring of SpC in Year 2 of the study was conducted using
downhole data loggers at selected monitoring wells. These wells were choseh doase

preliminary evaluation of Year 1 groundwater chemistry data.
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5.6.2.1 Specific Conductivity

Manual measurements of SpC in the overburden aquifers ranged from 256 to 2481
pS/cm. Elevated Sp€@alues(831to 2481uS/cm)were generally measured in clogexmity to
the waste rock dump and the underground drainage culve@t(hdad 1212; Table 1; Figure)6
The lowest values of SpC in overburden groundwé8b to 535 uS/cm) were measured in
monitoring wells upgradient of the water rock dump (MG, AMEC Environmental&
Infrastructure), in the AWTF monitoring wells (I&, 1204 and 1205; SRK Consulting
(Canada) In¢.2013c), and in the most northerly monitoring well at the study site during the
spring months (1:D9c; Table 1; Figure 6). Trends in Sp&torded using downhole data loggers
at selected wells in Year 2 of the study showed that SpC values varied annually, with maximum
values generally observed several days or months prior to maximum hydraulic head values

(Figure 7). Several exceptions aed below.
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Figure Z. Trends in SpC (solid line) and hydraulic head (dashed line) from monitoring wells: (a)
12-09c, (b) 12064, (c) 1207c, (d) 1210b, (e) 1212 (cross symbol denotes manual SpC
measurements).

The groundwater SpC trends evakaiin this study was similar to the rock drain at the
underground drainage culvert outlet described by Shatilla (2013), where minimum SpC values
were recorded during periods of increase water flow (Figure 28). The similar trends between the

two datasets gigested a link exists between the rock drain and groundwater chemisttjlaS
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(2013) concludes that dilution was the primary mechanism affecting ion concentratidrispC

at the culvert outlet.
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Figure 8. Trends in SpC (solid line) and flomates (dashed line) from the rock drain collected at
the underground drainage culvert outlet (from Shatilla, 2013).

Trends in SpC logger data at two monitoring wells were interpreted based on their
location relative to the culvert and waste rock dumpwa#l as the western slope of the
catchment. For exampleadditional input periods of fresh water were measured at wedica2
(Figure 27b), producing decreased SpC and gbart increases in hydraulic head in the early
spring. This occurrence wastribued tooverland flow of rain and snewelt off of the waste
rock dump. Snownelt off of the waste rock dump was observed during winter field sampling,
when water flowed down the waste rock dump even though temperatures weersubhese
data suggest that the waste rock dump can alter the physical hydrology of the catchment by
changing the timing of maximum hydraulic head in proximal groundwater wells. Additionally, at
well 12-09 a similar occurrence was recorded where the arrival of -emelivwater inceased
hydraulic head but simultaneously decreased the SpC. At this well the values of SpC were lower
than most monitoring wells and the arrival of sAmelt returned SpC values to ndsckground
levels.

SpC data from well 1:20b (Figure 27d; Table 1) ithe basal alluvial aquifer showed a
different response to spring freshet conditions than the other wells. At this well the highest

hydraulic head values occurred simultaneously with the highest values of SpC. This occurrence
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was consistent with temperatudata at this well (see Section 5.3), in that the maximum
groundwater temperatures were also coincident with maximum hydraulic head. These data
suggest that ponded waters with high SpC (data not presented) exposed to warmer surface
temperatures percolatéiarough ~44 m of overburden each spring.

Furthermore, manual measurements of SpC generally agreed with the data logger values,
except for wells 122 and 1207c where SpC values were consistently lower (Figure 27c and
27e), potentially as a result of imgper well development. In well 122, silt material covered
approximately half of the screened interval suggesting groundwater entered preferentially
through the top of the screen (Driscol, 1984). Consequently, purging and sampling may have
drawn in groudwater from a shallower and more dilute zone of the formation. This produced a
postsampling SpC response in well-12 that was observed over the course of ~36 h following
sample collection.

5.6.2.2 pH, Liquid Dissolved Oxygen and Oxidativé&keductive Poential

The fieldmeasured values of pH were generally neutral to slightly alkaline, with pH
ranging from 6.8 to 9.1. The fielsheasured average pH of the perched aquifers and basal
alluvial aquifer were 7.3 and 7.5, respively. Elevated pH values §5) were measured in
monitoring well 1209b (Table 1; Figure 6). This well had been installed in a formation with a
low-K located at the base of the overburden deposits and consequently was suspected of being
influenced by bedrock sediments. The average vadfiggH in the overburden aquifers were
consistent with the fieldheasured pH values for the rock drain that averaged 7.5. Higher pH
values at the culvert outlet were consistently measured during low flow periods when dilution of
the rock drain was minimal.

Overburden groundwater had LDO and ORP values ranging from 6.8 to 13.3 mg/L and
80 to 340 mV, respectively (excluding 1@9b and AWTF wells).In situ LDO and ORP
measurements suggested oxic groundwater existed in the majority of monitoring wells in the
overburden aquifersSeveral exceptions were noted for wellQ2b and multiple AWTF wells
(SRK ConsultingCanada) In¢.2013c). Well 1209b was interpreted as anoxic/suboxic portion
of the basal alluvial aquifer based on low LDO values ranging from 0@ltang/L. The
screened portion of well 1@9b was situated abowee low-K bedrock in a thin 2n gravel layer

below a finegrained overburden sediment layer. The measurements from these wells,exsliggest
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the presence of local suboxic conditions in the loweten aquifers. In the AWTF wells (A

and 1203), LDO was <2.5 mg/L. Consistent with low LDO values, SRK Consu(@anada)

Inc. (2013c) reported a sulfur smell in wells-@2 and 1204, possibly indicating sulfate
reduction at the time of sampling February 2012. Differences in chemical parameters such as
LDO were also noted in well 1@1 between sampling in July ag&ptember 201 3vhich may

be related to recharge from snow melt.

5.6.3Field Parametersof Bedrock Formation

To define the geochemiceonditions in the bedrock formation SpC, pH, LDO and ORP
were measureth situ (n = 18) in wells after groundwater sample collection. Shallow bedrock
wells (1207a and 1D7c; middle of screened interval ~1.5 m and ~3 m below the overburden
bedrock contet, respectively) had markedly different values for geochemical paramete®) (n
than the remaining bedrock wells and are discussed separately.

The groundwater in the bedrock famtion had SpC ranging from 540 to 16@83/cm.
Generally, greateralues ofSpC ranging from 1191 to 168%/cm were measured in the deep
bedrock wells (12L0c and 1206c; middle of screened interval ~6 and ~18 m below overburden
bedrock contact, respectively). SpC values in the shallow bedrock monitoring welld feorge
540 to 753 uS/cm and may have represented dilution of shallow bedrock groundwater by
infiltrating precipitation.

Groundwater within the bedrock formation varied from cireseutral to alkaline, with
an average pH of 7.9. The pH of shallow bedrock wells was erage lower than deeper
bedrock wells, with values of 7.3 and 8.3, respectively. The pH of shallow bedrock wells was
comparable to the overburden monitoring wells that averaged 7.4.

Values for LDO and ORP within deeper bedrock wells suggested that ammmditions
persisted throughout the study period. LDO values were consistently measured at 0 mg/L and
ORP ranged from60 to -260 mV. Shallow bedrock wells had LDO and ORP values ranging
from 1.0to 5.5 mg/L and40to 3 mV, respectively. The variabiitin these parameters within
shallow bedrock groundwater may have been the result of a natural seasonality, poor well
completion or sampling procedure that could have introduced groundwater from the overlying

formation. Similarly, groundwater temperatuseggested (see Section 5.3) that shallow bedrock
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monitoring wells received warm recharge water from the infiltration of precipitation and ponded

water through the overburden sediments.

5.6.4Major lon Geochemistry and Mineral Phases

The chemical compos@in of rock drain (n= 153 andgroundwatern = 342) samples
were used to define the majeion geochemistry of waters in the catchment. Groundwater
samples collected from different geologic urated the rock draimvere contrastetb determine

linkages beween heseenvironments.

5.6.4.1 lon Balance of Water Samples

The CBE of all rock drain and groundwater samples was calculated with the results from
three analysesCl, NOs;, and S@ was measured by ICSalkalinity (as mg/L CaCg) was
measuredy titration, and C&*, Mg®*, N&*, and K was measured by ICES. Surface and
groundwater samples with results for these three analyses including a laboratsyred
alkalinity had a mean CBE of 11.4%8#8;, n = 392), with 369 positive results. The mean CBE
of these samples using &lfi-measured alkalinity was 64’ (£6.3%; n= 261) with 202 positive
results. The difference between fietteasured and laboratenyeasuredalkalinity was 24.3%
(x20.9%) with field measurements reporting higher concentratior2gl@of 261 measurements.
This is caused by chemical changes of the water sample in transit kabtivatory, particularly
precipitation of carbonate minerals or degassing of, @@or to the laboratory titration
(Bachman, 1984)

The CBE of porewater samplesas calculated with the results from three analySés:
NOs, and S@ wasmeasured by ICSalkalinity (as mg/L CaCg) was measurebly alkalinity
test strips,and C&', Mg®*, N&*, and K was measured by IG®ES. The mean CBHor
porewatersamples waB.3% (x13.5%; n =26) with 18 positiveresults.

5.6.4.2 WaterChemistry Classification

The distribution of major ions in all surface and groundwater samples are presented on a
Piper diagram in Figure 29. These data were consistenpvathous reearch tht described the

chemistry of the mine drainage in the Elk Vallag dominated bysO.>, C&*, Mg?*, and
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alkalinity (Day et al., 2012)Overburden groundwater samples were generally defined as a
C&*/(CO*+HCO;) type water. Water samples from the rockidrweremore mineralized than
the overburden groundwater amtbfined as a Mg(C&")/SO” type water. An increasing
proportion of Mg" relative to C&’, and SG relative to HCQ was observed for overburden
groundwater samples with increasing proxintitythe waste rock dump and the underground
drainage culvert. The bedrock formation had a*#¥d)/(CO:*+HCO;) type water, although
shallow bedrock wells (327a and 1D7b; Table 1; Figure 28) were a mixeation/(CQ*
+HCO3) type water. Groundwater sples from the lowK monitoring well 1209b (Table 1;
Figure 6), screened in the overburdergrevconsistent with the bedrock type watdrhis
suggestedbedrock groundwater may be upwelling into the overburdembutpward hydraulic
gradients were measur@é this study(see Section 5.5). The anomalous major ion composition
from well 1209b is discussed in subsequent sectalorgsidebedrock groundwatesamples to
simplifie the presentation of the resultsastly, he proposedupward movement ajroundwaer
from the bedrock into the overburdemas also inferred bythe moderately elevated Na
concentrations atampling locations near discharge areas along Cieek (see Section4.9).
Groundwater from the overburden aquifénserpreted to bedevoid of interaction with the

bedrockaquiferhad concentrations of sodium (Nand potassium (K <3.0mg/L.
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Figure B. Piper diagram of rock drain and groundwater sam(diesled in red are the deep

bedrock wells12-06c and 1210c; the red line representsixing b et ween over burd:
shallow bedroclgroundwater; the black circle outlines the anomalous majochemistry from

monitoring well 1209b; dashed line represents groundwater samples from the AWTF area; and

the grey circle demarks lower elevatioater samples near discharge areas)

56.4.3 Mineral Phases

The results of PHREEQC modelling to determine mineral saturation indices (Sl)
demonstrated that the rock drain and overburden groundwater ranged from unsaturated to
supersaturated with respect @aMg carbonates (calcite, dolomite). These results are in
agreement with previous findings reported by Harrison et al. (2000) for Elk Valley groundwater.
Shown in Figure 30 is the Sl of calcite plotted relative to the -fisdéisured pH of water
samples.High pH water samples were supersaturated with respect to calcitdotordite
Additionally, high concentrations of Mgand SQ in solution mayinfluence the precipitation
and dissolution reactionsf thesecarbonate minerals. Nordstrom (2008) repdftat high

concentrations of Mg and SQ in groundwater inhibithe precipitation of calcite.
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The presence of abundant 8@&ndC&" ions in groundwater samples could suggest that
gypsum (CaSg) was a logical choice of a mineral that controlled these ions in the overburden
aquifers. Shown in Figure 31 is the S| of gypsum plotted againgt $@nhcentration.The
precipitation of gypsum (SE 0) was not predicted by geochemical modeling for any
concentration of S§3. Essilfie Dughan et al. (2015) report similar results in porewater from the
WLC waste rock dump and confirmed an absence of gypsum in core samples using electron
microprobe, xray diffractin and xray adsorption analytical methods. Otl&®,> minerals
formed from common major ions including MgK* and N4 are considerably more soluble
(Deutsch, 1997) and not expected to precipitate in this groundwater system according to

calculated SI.
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Figure 3. The saturation index of gypsufor all water sampleplotted vs SGF concentration.

Conversely, barite (BaS{p was saturated in the majority of groundwater samples
although concentrations of barium Bawere low(<0.72 mg/L). Since the concentration of
Ba* was always greatly exceeded by ,$Cconcentration, bariterecipitation/dissolution
reactions would have limited effect on the mobility of dissolved’S@®@dditionally, the low
solubility of barite preclude$0O;* ions from being liberated into solution following mineral
precipitation (Deutsch, 1997). Thus, $0mninerals were determined not to be an influential
mineralogical control on S@ as well as Cd and Md" concentrations in the overburden

aquifers.

5.6.44 Sulfate

Concentrations of S@J in theoverturden groundwater were from 3d 1280 mg/L, and
concentrations in the rock drain ranged from 296 to0X8§/L. Background concentrations of
SO,% in the overburden aquifers were determined from $ag@pWTF monitoring wells and a
well upgradient of the waste rock dump (MWQG@; AMEC Environment & Infrastructure,
2013), and were <32.5 mg/L. Previous studies of the WLC catchment also report background
concentrations of S to be <50.0 mg/L (AMEC Erikonmental & Infrastructure, 2013; SRK
Consulting(Canada) Ing 2013c). All sampling locations exceeded background concentrations
of SO except for the AWTF area (SRK Consultif@anada)inc., 2013b), upgradient of the
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waste rock dump at well MW1@6 (AMEC Environment & Infrastructure, 2013) and deeper
wells in the bedrock formation.

Concentrations of SO in the overburden groundwater generally decreased with the
increasing distance from the waste rock dump and the underground drainage culvertealong th
determined groundwater flow paths. Geochemical processes that may decredse SO
concentrations in groundwater were deemed unlikely because mineralogical controls’on SO
where negligible. Additionallyin situ geochemical parameters in the overburdenifacs
indicated that S reduction was unlikely. The abundanf dissolved oxygen in the overburden
aquifersshould be @referred electron acceptimr microbial populations rather than $Qunder
the observed geochemical regirieesoriero and PucketR011). Thus, observed changes in
SO concentrations in the overburden groundwater samples were attributed to physical
processes such as dilution and dispersion. This confirms previous research that sfates SO
typically considered mobile since itagonly a negligible potential fordsorption (by ion
exchangehpt circumneutral pH (Drever, 29). For this reason, key constituent concentrations
the overburden aquifers were plotted againsSncentrations to examiriee extent to which
they chage either bydilution (conservative and nemreacting) or by reaction (neconservative)
(Figure 3237).

In the bedrock aquifer S© concentrations ranged from 0.4 to 179 mg/L. Deep bedrock
wells (1206¢ and 1210c) had a considerably lower averag&Sconcentration of 11.8ng/L (n
= 16). In situ chemical parameters measured in the bedrock aquifer, particularly the deep bedrock
wells, suggested that $Oreduction may be occurring. LDO was consistently measured at 0
mg/L and ORP ranged froA70 to-240 mV. Furthermore, the odour of&was noted in these

wells, a product of the bacterial reduction of,S@hat can be represented by:
SO (ag) + 2Corganic* 2H20() = HzSg) + 2HC Oy (aq) (5.1)
Reducing conditions sufficient to reduce ;$Owere ot measured consistently in shallow

bedrock wells (1207a and 12D7b; Table 1; Figure 6)possiblydue to the infiltration of oxic

groundwater from the overlying basal alluvial aquifer.
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5.6.45 Specific Conductanceand Sulfate

To examine the relationshipetween SpC and SO concentrations derived from the
waste rock dump, a benchmagkncentration was utilized based on the evaluation of SO
concentrations in groundwater (see Section 3p.Although background concentrations were
generally <50 mg/La 100 mg/L S@* was used to represent water that affected by waste rock
effluent (MEND Report 10.3, 2015). Based on this criterion all sampling locations were
impacted by waste rock effluent except for the AWTF area (SRK Consijfiagada)inc.,
2013b), upgradient of the waste rock dump at well MAIA (AMEC Environment &
Infrastructure, 2013) and deeper wells in the bedrock formation. At S8@hcentrations above
this selected level (= 496), the coefficient of determination fRbetween SpC and SO
concentration was 0.95 aride equation of best linear fitas SpC (uS/cm)= 1.66 x [SO*
(mg/L)] + 500. Below 100 mg/L SG concentrations, overburden groundwater SpC values and
SQO,® concentrations were poorly correlatd®f € 0.49)most likely due @ the predominance of

HCO;s in water samples.

5.6.4.6 Calcium

Concentrations of Gain the overburden groundwatand rock drain rangefiom 48.4
to 325mg/L (excluding well 1209b) and 95.8 to 304 mg/|respectively C£" was the most
abundant cationni overburden groundwater and the most abundant ion in groundwater
unaffected by waste rock effluent (<100 mg/L.SPD Groundwater samples from upgradient of
the waste rock dump and in AWTF area monitoring wells had @mcentrations up to 52.6
mg/L and76.1 mg/L, respectively. Gawas moderately correlatedth SO (R*= 0.85) inall
overburden groundwater sampldsis moderate correlation may haseggestd that carbonate
mineral precipitation/dissolution reactiomgluencal its mobility in the sutsurfacerelative to
SO%. The expected presence of carbonate minerals and their effectocoBeentrationsvere
also discussed in SectioB.6.4.3 Additionally, C&" concentrations in groundwater were not
controlled by gypsum precipitation.

Concentratins of C&" were markedly lower in monitoring wells screened in the bedrock
formation than in the overburden aquifers. Concentrations 6fi6ahe belrock ranged from
3.0 to 93.4mg/L. In shallow bedrock wells (3@7a and 1D7b; Table 1; Figure 6) the
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concentrations of Gaweregenerallyhigher relative to the deeper bedrock wells-{02 and 12
06¢; Table 1; Figure 6).

5.6.4.7Magnesium

Concentrations of Mg in overburden groundwatesamples rangeftom 15.2 to 221
mg/L (excluding well 1209b). Conentrations of M§' in the rock drain ranged from 47.5 to 212
mg/L. Mg?* in groundwater upgradient of the waste rock dump and in the AWTF area were
<20.3 mg/L and <87.0 mg/L, respectively. Mgvas the third most abundant ion in mine
impacted surface and@mdwater (>100 mg/L SO) in the catchment. Concentrations of ¥1g
where markedly lower in monitoring wells screened in the bedrock formation. Concentrations of
Mg®" in the bedrok ranged from 0.90 44.8mg/L. In shallow bedrock wells (2@7a and 12
07b Table 1; Figure 6) the concentrations of ¥gere higher relative to the deeper bedrock
wells (1210c and 1206c; Table 1; Figure 6).

The Mg/Ca ratio is an important indicator thie lithological composition of the source
rock, with ratios of 0.70.9 generally associated with dolomitic limestoriRazowskalaworek
2014). The average ratio of dissolved Magnd C&" (Mg/Ca) concentrations(meg/L) in
overburden groundwater samples (>100 mg/L’3@nd in the rock drain was @énd 0.9,
respectively. Coversely, the Mg/Ca ratio of overburden groundwater samples from areas with
no impact from mining such as the AWTF monitoring wells and a well upgradient of the waste
rock dump (MW1106; AMEC Environmental and Infrastructure) was <0.43. Thus, the Mg/Ca
ratio of the rock drain confirmed previous research that indicated the geochemical composition
of waste rock effluent is primarily controlled by the dissolution of carbonate minerals such as
dolomite and siderite (SRK ConsultingCanada) Inc., 2013b; EssilfieDughan, 2015).
Groundwater samples had a lower Mg/Ca ratio than the rock drain due to presumed mixing of
groundwater sourced from nanine impacted and mirAenpacted areas. Typicallynavig/Ca
ratio of <0.7 is associated with groundwater sourced from tonesRazowskalaworek 2014),
which several reports have listed in descriptions of the western peaks and cirques found in the
undisturbed portion of the catchment (Golder Associates, 1979; Shatilla, 2013).

Mg?* concentrations were alsnoderately corretad with SQ* concentration in all of
the overburden groundwater samples’ R 0.96). Using PHREEQC modelling software,
carbonateminerals that controlled Mg concentrations in groundwatetich as dolomitevere
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predicted to be supersaturated (see Secbd@¥.3). Nordstrom (2008) reports that the
supersaturation of carbonate minerals such as calcite can h#rilauted to elevated
concentrations of Mg and SQ® in solution; these two ions are known inhibitors of calcite
precipitation. Thusin this stuly, the increased Mg/Ca ratio of miaffected groundwatemay
have influencedhe precipitation and dissolution reactions of carbonate minerals such as calcite

The total hardness of water samp{€sf*+Mg*") was calculatedaccording to (WHO,
2008):

CaCQ=2.5(C&") +4.1 (Md (5.2)

Rock drainand overburden groundwater samphe=re classified as hard based on tHREPA
(2008) Conversely, deep bedrock wells {@@c and 1210c; Table 1; Figure 6) were found to
be very soft. Groundwater satas from shallow bedrock wells (b and 1207c; Table 1,

Figure 6) had a wide range of water hardness and varied from very soft to hard.

5.6.4.8 Alkalinity, Dissolved Inorganic Carbonand Carbon-13Isotopes

Field-determined kalinity of overburden gpundwater samples ranged from 109386
mg/L as CaC@ Similarly, values foifield-determinedalkalinity for rock drain samples varied
from 120to 372 mg/L as CaC@ (Figure 33. Based on measured pH values, HC®as
determined to béhe dominant speciesf DIC. Additional anions that could have produced
alkalinity such as the hydroxyl ion, bisulfide and organic anions are typically considered

negligible under the observed geochemical regime.
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Figure 2. Field dkalinity of all water samples plotted B&0,* concentration

SQ,* concentrations and alkalinity were marginally correlated in the rock drdis (R
0.43) Alkalinity values were generally the lowest at the culvert outlet duringfloghperiods
and increased after spring freshet. This watbated to dilution of rock drain water, which also
simultaneously lowered the pH and SpC. Following spring freshet these chemical parameters
increased. When water samples from the culvert had higher pH values durifigiioperiods, a
greater contributio of CQ?* was expected.

There was no apparemelationship between alkalinity andSQ,®> concentrationin
overburden groundwater sampldikely due to additional inputs of DI@ the groundwater
system Based on Li et al. (2005), DIC in groundwater dovawient of the waste rock dump
could have been affected by additional precipitation/dissolution of carbonate minerals,
atmospheric C@ dissolved in precipitation that infiltrates into the subsurfaoel organic
material degrdation in the soil Lastly, HCQ" might have also been introduced into overburden
groundwater through interactions with the bedrggkundwaterundergoing S@ reduction
(Equation5.1). Thiscould be a possible explanation fitve bedrock aquifethaving relatively
high alkalinity (up © 650 mg/L), low SGF concentrations, anoxic conditions measuiredity,
presence of k& gas during monitoring well sampling and the occurrence of a monitoring well in
overburden deposits with strong indications of bedrock upwellind@@h? Table 1Figure 9.

A useful indicator ofthe sources obIC in groundwateis the 4-*Cpic (Li et al, 2005.

The U**Cp\c valuesof water samplerom the overburden aquifers, rock drain, and the bedrock
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aquiferrangedfrom -14.4 to-5.8(n = 12) ,-6.0 t0-3.0 (n = 3, and-26to80a PBD (n = 6)
respectivelyii*Cpic were plotteda g a i °H satuesand demonstrated these two geologic units
weretwo geochemically distinct groundwater flow systeffiggure 33) The v&Chgires of |
the overburden aquifers were defed relative to the bedrock formation groundwater and the

rock drain, possibly demonstrating the influence of-ga8 CQ. Th e v a |' Tk sn the f u
bedrockformation were enrichedelative to the overburden groundwater and the rock drain
possibly h response to dissolution of Cag@i ne r'¥Chce 0@) in the -gabsence
C,at these dept HGeci Mhehe abt @éso ok diqui fer wer e
suggesting that at certain locations methanogenesis may be occurring. Inchigwgcesses

such as methanogenesis, the lightér carbon isotope is preferentially utilizeghich results in

the remaining DIC being enriched in the hea/i# isotope Baedeckerand Back 1979).
Methanogenesis is the final stage of anaerobic bat@ecomposition of organic matter that

follows after all or most of the S® has been consumed by $Qeduction (Rice, 1993).
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5.6.4.9 Sodium, Chloride and Potassium

Concentrations ofNa" in overburden aquifers and rock drain terasamples were
generally <3.0 and <2.tg/L, respectively. In the perched aquifemseasured at groundwater

spings, the concentratiah of Na™ were continuously <3.00 mg/L. Theverall low Na’
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concentrations in theverburden aquifemnay reflect the nomarine origin of the coal and coal
interburden of the Elk Valley (Kennedy et al., 201@pnversely, in the bedck formationNa"
ranged from 2.50 385 mg/L with higlkr concentrations observed withcreasingdepth below
the overburdeibedrock contact.

Several locations in the overburden aquifers dladatedNa’ concentrations that were
attributed to interactiomith the bedrock formation (NaK*/CO;*+HCO; watertype). In one
of these locations, Naoncentrations were as high as 223 mg/L-§2R: Table 1; Figure 6) and
were possibly due to geochemical upwelling or diffusion of salts from the bedrock shale.
Additionally, water samples from the overburden aquifer collected at lower elevations (<1439
masl) near discharge areas to Line Creek had slightly elevated concentratiorisupftbl4a2.8
mg/L. These locations included monitoring well12 (Table 1; Figure )6 and the groundwater
seepagesalong Line Creek At these locations, Nawas up to4% of the total cation
millequivalents compared to <1% in all other overburden aquifer samplé® rg/L SQ7).

This occurrence was attributed to groundwater in the lokdmrmation because was the only
observed source of Nin the catchmenfsee Section 6.4.2). Schwartz and Zhang (2004) report
that clay minerals typically exhibit a preference for higher valence state cations to occupy
available exchange sites. Thida' introduced into the overburden groundwater system through
the bedrock formation should be transported without significant exchange on clay minerals in a
groundwater system dominated by ¥gnd C&" cations (>100 mg/L S§).

Furthermore, one of theock drain sampling locations (Lower Toe sampling;sitee
Section 5.6.) exhibited a seasorigl of Na concentrationdrom <2.0up to 13.8 mg/L. This
increase in Naconcentratiorprior to and following spring freshetiggested that portions of the
rock drain may also interact with bedrock sedimeatsinferred by &#edrock outcromearthe
Lower Toe sampling siteadditionally lithological logs from proximal drillholes indicated that
the bedrock was <8 mbgs.

Chloride (CI) concentrations ranged frothe MDL (0.05 mg/L) to 5.16 mg/L in the
overburden aquifers (excluding well -D8b) and1.0 to 31.1 mg/L inthe bedrock formation
groundvater. Interestingly, Clconcentrations were the highest in weltdZb (Table 1; Figure
6) up to 81.5 mg/L. Cktoncentations in the rock drain ranged fraheMDL to 10.4 mg/L.

The concentrations d€” in overburden aquifers armkdrock formation were from 0t3

26 mg/L and no substantial differences between the geologic units were noted. The
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concentrations of K in the rock drain water samples were slightly higher than i@ th

groundwater, ranging from 1t6 30 mg/L.

5.6.4.10 Dissolved Si

Dissolved silica (Siwas measured at elevated concentrations in groundwater samples
when compared to the rock drain water saspl@issolved Si was measuredthe perched
aquifers up to 9.9ng/L with an average concentration of 4ng/L. Conversely, the average
concentration of dissolved Si in the rock drain samples wasmg@/L, suggesting that the
overburden sediments were thausce of this ion. Average dissolved Si concentrations in the
bedrock groundwater were 4.8 mg/L and may have also contributed dissolved Si to the
overburden aquifer&ellermeier et al. (2010) states that dissolved Si can modify the progress of
CaCQ crystllization and can restrain its dissolution as well. This may have implications in the
overburden aquifers with respect to calcite dissolution and precipitation reactions (see Section
5.6.4.3).

5.6.5Geochemistry of Constituents of Interest in Groundwateand the Rock Drain

Minor and trace elements listed as Cls in the Elk Valley Water Quality Plan (2014) were
evaliated in groundwateand the rock drainwith linear correlations with S£. British
Columbia water quality guidelines (WQG) for Cls are digpth graphically in Figure 3486.
However, the BC WQG is often dependent on the water hardness, which varies seasonally. Full
details on the relationship between water hardness and the BC WQG are outlined in the Elk
Valley Water Quality Plan (2014).

5.6.51 Nitrate

NOs concentrations in the rock drain and overburden aquifers ranged from the MDL
(0.3 mg/L as N to 40.9 and 41.81g/L as N respectively. Background concentrations ofsNO
in the catchment are <0.5 mgéhs N (AMEC Environmental & Infrastructa;, 2013; SRK
Consulting (Canada)inc., 2013c), suggesting that explosive residuals within the waste rock
dump were the only source of NO Substantial variability of N@ relative to SGF

concentration was observed in water samples from the rock drdirogrburden aquifers
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datasets (Figure 33). Reports on N@otopic ratios (*°Nnos a n d*®Ongs) suggest that
significant denitrification did not produce the variable ;80> ratio (Nessa Fazilatun
Mahmood,University of Saskatchewamersonal communication). Therefore, it was proposed
spatial variability in the flushing of NOfrom the waste rock dump produced the vdadbOs
/SO, ratio of the rock drain and groundwater samples. As a result, significant geochemical
processes affecting NOconcentrations in the overburden aquifers were unlikely. This was also
supported byre appreciable LDO concentrations in the overburden aquifers, suggesting aerobic
respiration by microbes in the subsurface was not sufficient to change the redox state of
groundwater. Facultative anaerobes begin to use; N® an electron acceptor during
denitrification only once LDO is depleted (Tesoriero and Puckett, 2011). The lowsttLDO
measurements for a mim@pacted groundwater wells, down ®2 mg/L, occurred at the
southern extent of the catchment near discharge areas to Line Crdegk Thble 1; Figure 6).
Concentrations of NOQwere markedly lower in monitoring wells screened in the bedrock
formation than in the overburden aquifers. Concentrations of MQhe bedrock ranged from
theMDL (0.03 mg/L as N)to 10.6 mg/Las N(Figure 34).Both theshallow bedrock wells (12
07a and 1D7b; Table 1; Figure 6and the deepdredrock wells (12.0c and 1206c; Table 1;
Figure 6) had occasional concentrations of Nlevated above backgrounduggesting

infiltration of waste rock effluent mayalve occurredhto this unit.
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Figure 3t Concentrations of N@as Nplotted vs SG and the dashed lines are the BC WQG
(Elk Valley Water Quality Plan, 2014).
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5.6.5.2Selenium

Se concentrations in the rock drain ranged frons 8607 pg/L and in the overburden
aquifers ranged fronthe MDL (0.5 pg/L) to 526 mg/L. Se concentrationswere strongly
correlated with SEF concentrations for overburden groundwater samplés=(R.95) with a
slope of 3.810* (Figure 35). This correlation suggest¢hat Se was transported through
overburden groundwater similarly to $Q i.e. as a conservative noeactive ion. When
measured, the only form of Se detected was selenatel(), the most oxidized Se species
(S€"). Geochemical parameters (pH, LDOda®RP) measured in the overburden aquifers
confirmed that the environmental conditions required to reduce Se were unfavorable. These
results are consistent with previous leaching studies of WLC waste rock that showed selenate to
be the primary selenium spies of drainage waters due to presence of oxidizing and basic waters
(Kennedy et al., 2012).

Se concentrations in the bedrock formation ranged theWIDL (0.5pg/L) to 93.0ug/L
(Figure 35), with higher concentrations in shallow bedrock wellsOE2ad 1207b; Table 1;
Figure6). This suggested that waste rock effluent from the overlying aquifer may infiltrate to the
shallow intervals in the bedrock formation, which was also indicated by the Jcatie/(CQ*
+HCO3) type water at this interval (s&ection 5.6.4.2). Although the measured geochemical
conditions (LDO, ORP, pH) in the shallow bedrock may not have been entirely favorable for
selenate reduction, a poor correlation between Se agfdl (B= 0.18) at this interval suggested
processes afféing their concentrations may be occurring. For example, CH2M HILL (2010)
report that selenate reduction is faster than sulfate reduction and can occur at higher ORP, which
may have produced the poor correlation in the shallow bedrock of this study. ddteegecal
conditions in the groundwater from the deep bedrock monitoring wells appeared favorable for
selenate reduction, but the existence of waste rock effluent at these depths was not confirmed.
This suggested that waste rock effluent may infiltratéht shallow intervals in the bedrock
formation. Although the geochemical conditions in the groundwater from the deep bedrock
monitoring wells were favorable to selenate reduction, the existence of waste rock effluent at

these depths was not confirmed.
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Figure 3. Concentrations of Se plotted vs $Cand the dashed lines are the BC WQG (Elk
Valley Water Quality Plan, 2014).

5.6.5.3 Cadmium

The concentration of Cd in the overburden aquifers ranged from the MDLI(@/D)Lto
0.22ug/L and neveexceeded the BC WQG for aquatic life in hard waters exceeding 300 mg/L
asCaCQ (0.37ug/L; Elk Valley Water Quality Plan, 2014¢onversely, Cd concentrations in
the rock drainvater samples ranged from 0.623.92ug/L. Cd and SGF concentrations were
not correlated in overburden groundwater samples but were moderately correlated in the rock
drain (Figure 36). The substantial disparity between Cd concentrations in the rock drain and
overburden groundwater samples suggested that geochemical prodessieg afissolved Cd in
the overburden aquifers may exist.

Several mechanisms of Cd attenuation have been proposed in literature including that
agueous Cd ions have a strong affinity for Cg@@nerals such as calcite (Mar®arin et al.
(2003). The cuent study showed that calcite was expected to precipitate in the subsurface
according to determined mineral Sl (Figure 30). lon exchange of Cd cation foraCthe
mineralwater interface defectenhanced diffusion into the lattice and-m@cipitationare all
possibleuptake mechanisms of aqueousd by calcite Cd adsorption also has an inhibitory
effect on calcite dissolution suggesting that Cd preferentially attaches to reactive dissolution

sites, e.g. kink and edge sites (Reeder, 1996; Schosselerl&8).Potential Cd adsorption on
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calcite could havémportant implication®n abundant calcite precipitatiatissolution reactions
inferred from PHREEQC modellingee Sectio®.6.4.3) Alternatively, many types of substrate

in natural groundwater stemns (e.g. silica, clays, hydrated metal oxides and organic matter) are
capable of attenuating Cd either individually or together (Farrah and Pickering, 1977).

4 t .

|3 . «+ Rock Drain
o0, % & = Overburden Aq
3 |'o"4.,’ o Bedrock Agqu

Cd (ng/L)
\
*
L 4

0 400 800 1200 1600
SO, (mg/L)

Figure 3. Concentrations of Cd plotted vs $Qand the dashed lines are the BQG (Elk
Valley Water Quality Plan, 2014).

5.6.5.4Time-Series Plots of Constituents of Interest in Groundwater
Discharge Areas

Two groundwater discharge are@dsne Creek seepageoneand groundwater sprins
were sampled at regular intervals and congbaoethe rock drain to quantify the concentrations
and timing of Cls that may be entering Line Creek. Shown in Figure 37 arsdies plots of
SO,® concentrations discharge from the rock drain (underground drainage culvert; see Section
5.6.1), the bagalluvial aquifer (Line Creek seepageng, and the perched aquifers (Seep 7a;
see Section 5.2.3.2). The $Oconcentrations in the rock drain followed the typical seasonal
dilution during spring freshet described in literature (Shatilla, 2013; Daly, @042). The basal
alluvial aquiferand perched aquifedischargeareas wersampled only from June 13, 201a}
September 23, 2014lthough these groundwater discharge locations were only sampled for a
short period compared with the rock drain seastnal SO,> wasevident. The basal alluvial
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aquifershowed increasing S® through the sampling period up to a concentration of 502 mg/L.
The SQ? concentrations in the perched aqusfat Seep 7a were at a maximum of 262 on July
28, 2014 and appeared tlecrease into the fall. Other major groundwater springs representing
the perched aquifer(e.g. Seep ;1see Appendix Lalso decreased in concentrations 0,50
over the fall and winter (data not presentddjus, it appeared that groundwater dischagas
displayed seasonality in $O concentrations that eve similar to the rock drain, albeit the
concentrations of S were lower and the timing of maximum concentrations may have been

different
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Figure ¥. Groundwateconcentrations of S in two groundwater discharge locations (Line
Creek seepagmneandSeep 7a) and the rock drain vs time.

5.6.6 Highresolution Vertical Profiles of Hydrochemistry

The results ofcid digestiorof core samples, analyses of poresvdtom squeezing core
samples and leaching of awtary drill cuttings were assessed conjunction withmonitoring
well data Vertical profiles were created to contrast Cls that behaved conservatively in the
overburden aquifers (Se, $0and NQ) with nonconservative elements such as Cd. An
evaluation of these data sets obtairfemm core samples analyses confirmed that elevated
concentrations of Cls were present throughout the unsaturated zone in addition to the overburden
aquifers. For instance, $®rewater concentrations exceeded the BC WQGaquatic life(2
Mo/L; Elk Valley Water Quality Plan, 2014) in 98% of analyzed core samples 223).
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Similarly, porewater S concentrations exceeded the 100 mg/L criterion (MEND Report 10.3,
2015; see S#ion 5.6.4.4) in 87% of samples£10).

Several other trends were noted amongst the vertical profNegkedly higher
concentrations of Se and $0in porewaters were encountered at depth in boreholes near
groundwater discharge areas (<1450 masiiland 1212; Table 1; Figure 6), particularly in
the overburden sediments <5 m above the bedrock contact. At these two locations the
concentrations of Se and $Oexceeded concentrations measured in groundwater and the rock
drain (see Section 5.6ahd5.6.4.9, with four porewater samples exceeding 3000 mg/ll*SO
This occurrence may reflect that contaminants can migrate to the bottom of an aquifer prior to
extensive lateral migration (Everett, 1985). However, the source or the geochemical process that
may have formed the elevated concentrations of Se agiliS@ot clear Also of note was that
these intervals with the apparently elevated concentrations of Se afidh&Dnear background
concentrations of N© (<1 mg/L as N. This may have reflectethat LDO was absent in
proximity to the overburdebedrock contact at these two locations and significant denitrification
had occurred.

Vertical profiles were created to contrast Cls that behaved conservatively in the
overburden aquifers (Se, $Oand NQ@) with nonconservative elements such as Cd.
Monitoring well 1210b was selected as an illustrative example because grouncaatples
temperaturedata (see Section 5.3)and SpC data (see Section 5.6 From this well screen
interval suggested thikcation was recharged by surfgoended waste rock effluerShown in
Figure 38 are the profiles of Se and Cd at wellLOB with solid digest chemistry (labelled Total
Se and Cd), porewater chemistand leached water chemistfgorrected back to porewe
concentrationjrom the adjacent borehole -1®c. Se was contrasted with Cd in vertical profiles
because the analysis sequence of porewaters resulted in trace element analysis being performed
preferentially over anion determination due to the small ppanvolumes obtained from
squeezing core. Also shown are the concentrations of Se and Cd in groundwater at the depth of
the screen intake zone. Porewater concentrations of Cls appeared to approximate the
groundwater concentrations at the equivalent degénial in all sampled boreholes.

The solid digest results from vertical profiles at welt1Ob showed that a noticeable
increase of Cd concentrations in the solid phase existed in thgréimed glacidacustrine

sediments (Figure 38)his was not dtibuted to primary Céulfide minerals in the glacio
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lacustrine sediments because the dominant exposed strata in the catchment were deposited prior
to the coabearing formations and their associateterburden (Butrenchykl989. Thus, the
valley-bottom sediments were principally eroded from different lithostratigraphic units than the
waste rock. Comparing the digestible concentration from core samples in thignsaaty=0.68

+ 0.37 mg/kg range = 0.1783.01 mgkg; n = 187) to the waste rockamples from an
accompanying study of Elk Valley dumpsadan =2.91+ 1.17 mg/kg range =0.77 7.55mg/kg

n =282, Biswas et al., 2015) also indicated that the source rock of the unconsolidated valley
bottom sedimets was likely different tha the waste rock. If an enrichment of digestible Cd
concentrations in the natural geologic mesgéen in this study wathe result ofwaste rock
drainage then this may demonstratea potential lithological control on dissolved Cd
concentrations downgradient of the waste rock dump.

Similarly, the mean Se digebte concentrations were much lower in this study (mean =
0.59 + 0.94 mg/kg; range = MDL(0.001).52 mg/kg; n = 186) than ia study ofElk Valley
waste rockdumps Hendry et al. (2015) determine waste rock dur®ss the Vallegid not
vary significantly between mine sites anad ameandigestibleSe concentration .12 + 1.43
mg/kg (n = 260, with the exception 0#4% of the samples that yielded centrations of >6
mg/kg Also, in the current studthe profile for Se in the solid phad&l not display tk apparent
increase through the firgrained glacidacustrine sedimentss was noted for &; which may be
another indication that Se was not readily bound to the solid phase. Of note was that the
digestible concentration of Cd (mg/kg) was comparable to Se (mg/kgyentical profiles
However, in porewater the concentrations of Se (mg/L) wer® 8 orders of magnitude higher
than Cd (mg/L). The dissimilar porewater concentrations of Cd and Se may have reflected the
difference in concentrations of Cd and Se in waste rock effluent (Fafueand 3%, but could
have also beedue to the apparemittenuation of Cd in the overburden aquifésse Section
5.6.5.3).

The Cd and Se concentrations from leachingrdf cuttingsat the adjacent well 120c
showed that these results we@mparabldo Cd and Se porewater concentrations (Fig@e 3
Mazurek et al. (2008) report that leach solutions are the sum of 1) the constituents originally
dissolved in the porewater, 2) the constituents present in fluid inclusion, and 3jrockter
interaction during the leaching process. In this study, the resukaciing were dominated by

the constituents originally dissolved in porewater. Thus, the method of leastlinguttings
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were consideredsuitable for determing Cd and Se concentratiomsthe absence of porewater

samples or drillcore.
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Figure 3. Vertical profile of Cd and Se concentration from solid digest and pore water analyses of core samples froitOvelhti2
leached water concentrations from thiél cuttingsat well 1210c. Open squares represent groundwater samples from widbl2
ard 1210c (T-bars represersicreened interval of the well).
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5.7 Quantifying Groundwater Flow in Basal Alluvial Aquifer

The volume of water migrating through the basal alluvial aquifer was estimated using
Darcyos L aw). (hEgluadKiuged in ks.calculation was thgeometric mean of
K from all the falling head tests for monitoring wells completed within the basal aquifer (3.4x10
> m/s Section 5.2.1 The arithmetic mean of total porosity ( from the bulk overburden
depositwas deternmied to be30% (see Section 5.2.2) and was used as the effective porosity
(¢ 8The average horizontal gradient between welD22 and 1210b was used (approximately
0.11).

The cross sectional area of the basal alluvial aquifer was defined usingextiea CC 6
(Figure 39), which was oriented perpendicular to the groundwater flow direti@p of cross
sections shown in Figure 24)lthough the monitoring well 220b (Tablel; Figure6) was not
located in the center of the thalweg of the bedrockasa, the observed water levels from this
well were extrapolated horizontally. The cross sectional area of the basal alluvial aquifer below
this extrapolated water level, based on the average water level at monitoring A&l dRer
the study period, wa3510m?, as determined using Mira GOCAD® software. This area did not
account for flow occurring through shallow fractured bedrock or released at the springsSE
extent of the catchmenfurthermore, the bedrock topography in the vicinity of welllQB was
defined using two lithological logs and one proximal ERT survey but measurement error was

expected due to the sparse data points.
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Figure 3. Cross section € 6oriented perpendicular to the groundwater flow direction
displaying the annual average water level and approximate surface area of the saturated zone
above the bedrock. Also shown are the lithological logs and particle size analyses Téasults.
location of the cross section is presented in Figdre

Several dter assumptions in the calculatién and v included groundwater flow is
perpendicular to theross section €€ gthat theK was constant and represented by the geometric
mean of the measured values Kf that the heads (and gradients) within the aquiferew
constant, and that the effective porosity was equal to the arithmetic mean of values measured on
recovered core samples. For example, estimat&simthe monitoring wells 1-D9c and 1210b
alone wereabout oneorder of magnitude greater thgpometrt mean oK. The meart of all
core samples may also not be representative of¢thef the bulk deposit or the gravel
paleochannels in which groundwater flow was focused. Furthermore, the cross sectional area of
the aquifer is dependent on seasonal recharge andanalyom year to year.

The averageQ of groundwater in the basal alluvial aquifer over the study period at

monitoring well 1210b was 0.03 m%s or 0.AM m®/year. The annual discharge of the rock
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drain measured at the underground drainage culvert owiettioe study period averag@dM
m/year. Base flow in the underground drainage culvert was approximately 08%1m M
m>/year) during the winter months. Combining the fase and the flow through the basal
alluvial aquifer highlights that at negrhalf (50%) of the water flow from the vallesan be
associated with groundwater flow (e.g. basal aquifer plus base flow). If the flow through the
aquifer alone is considered, thahout16% of the flow from the basin is associated with flow
within the tasal alluvial aquifer alonelt is important to note that the annual total volume of
water released from the watershed based on these calculatisnabout 281 m*year. The
total area of the watershed is approximatedy7 km® and consequently the aege recharge
over the entire valley based on these estimates would be approxim@ehniZyear. Estimates
of the valley wide water balance currently undertaken suggest that this number is cR3@r to
mm/year (Sean Carey, McMaster University, persor@hraunication. The 30 mm/year
difference further highliglstthat the estimatef Q presented here may be underestimated. Based
on a 300 mm/year recharge scenario the total water released from the watershed would have to
be 3.2 Mnilyear, and 0.Mm®year ould be attributed to groundwater. Therefore, the annual
groundwater outflow from the catchment may have been underestimated by 41%, which could be
attributed in part to outflow through the bedrock formation and the pesdngterunit. Lastly,
some wateimnfiltrating the aquifers may be hampered by {&viorizons evident in drill logs.

Anotherreason for this underestimation may be due to groundwater that is entering the
basal alluvial aquifer downgradient of the cross sectional area taken at wi€lb1Phis was
supported by the increasing height of the water table above the bedrock contact in a
downgradient direction in the basal alluvial aquifer (Begure 25; cross section-B §i where
the average water table height in wellQ2c, 1210b and 1212 was 12.12, 9.84 and 22.91 m
above the bedrock contact, respectively. The increase in saturated thickness of the aquifer along
the groundwater flow path may infer that additional groundwater could be entering the basal
alluvial aquifer below monitoring well2-10b.

It is also possible that a proportion of the total groundwater discharge from the valley is
from perched aquifers at the southern extent of the valley through groundwater sprinQfThe
the perched aquifers was not quantified because of thardispetween the elevations of
groundwater springs, which suggested many perched aquifers may exist. However, flow rates at

major groundwater springs were measured up to 0.00&1@®ee Section 5.2.3 with saturated
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thicknesses of the perched aquiferitsl in monitoring wellsinterpreted to be<4.0 m. The
saturated thickness of a perched aquifer at welD@2 (Table 1; Figuré) located in close
proximity to the waste rock dump was larger. As shown in Figure 40, cross seeioh A t h e
range in hydraut head in well 1206a was comparable to the basal alluvial aquifer, and also
appearedo represent a more hydrologically active zone when compared to other wells in the
perched aquifers (i.e. 429d; Table 1; Figuré). Thus, the occurrence of a major ambearing
zone in the perched aquifer at well-Q@a at the toe of the waste rock dump suggested that
perched aquifers may contributeticeablyto total groundwater discharge from the catchment.

The average as estimated from the averagé&om the cressection described above (
~3.7x10° m/s) was 1.2810° m/s or 1.8 m/day.This wouldyield a travel time for effluent from
the toe of the waste rock dump to the Line Creek discharge seepag@sn(~@f approximately
1.9 years. This time frame is cosgént with the results of théH/*He dating, where the
groundwater ageeasuredt thelower elevation monitoring wells near discharge areasewp
to 2.8 years£ 0.5/ 0.7) (see Sectioh.4.2.
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Figure40. Cross sectionA 0 at t he t ckedungpfshowirgehe peeclsed amuifer ;
well 12-06a and 1209d.

5.8 Sulfate Loading to Line Creek From Groundwater and the Rock Drain

Concentrations of the Cls (38 Se and N@) at the groundwater seepages (~1433 masl)
along Line Creek were comparabtedoncentrations at a nearby monitoring weH122(middle
of screened interval wasl424 masl; Table 1; Figure 6), which was sampled extensively over
the study period. Shown in Figurel4s the comparison of S®concentrations at the Line Creek
groundwaer seepagesampled from the drivepoint welland in monitoring well 122 and 12
10b (mddle of screened interval wad451 masl; Table 1; Figure 6). Monitoring well-1@b

was displayed for comparison because of its location along the major grountievatpath of

the basal alluvial aquifer~{gure 25; cosssection BB 6 ) upgradi ent of di

106

SC



increased concentrations of $Thetween the upgradient (I®b) and downgradient discharge
locations (1212 and Line Creek seepageng suggestedhat additional effluent enters the
aquifer prior to discharge. Alternatively, the amount of dilution at wellQl2 was greater than

at lower elevation discharge areas.

A
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Figure 41. Groundwater concentrations of,5@ the Line Creek seepagene, in monitoring
well 12-12 and monitoring well 1:20b vs. time.

The comparable S@ concentration ranges between the two lower elevation sampling
locations suggested that the discharge concentrations 6ft8Qine Creek ranged from 169 to
502 mg/L.Similarly, the range of concentrations of conservative Cls Se andrhied from
48.6 to 166 ug/L and 4.® 32.3mg/L, respectively. The annual average concentrations of Cls at
these discharge locations were difficult to quantify because of the lisai@gling intervals at
the groundwater seepages (June 13, 2014 to September 24, 2014) and limited SpC data in the
well 12-12 (March 4, 2014 to August 27, 2014) poor well completion in monitoring well 12
12 was also concluded to produce anomalous tran@&pC (see Section 5.6.2.1) and did not
allow for the SpESQ,* relationship outlined in Section 5.6640 be used. Therefore, an average
SO concentration was calculated from all groundwater samples for the two discharge
locations i.e. monitoring wdl 12-12 (n = 13) and the Line Creek seepagene (n = 12).

Monitoring well 1211, located near well 122, was not used to estimate loading because
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groundwater temperatures (see Section 5.3) and measurements of water level elevations
suggested groundwateamples from this well were impacted by proximal surface water ponds
sourced from the culvert outléfhe estimate of average annual concentration of*S@as 310

mg/L during the study period. This was multiplied by thge2r annual averadge from the baal

alluvial aquifer 0.41 Mm?®year; see Section 5.7) to determine the annual load gf B® Line

Creek from groundwater. The loading of £Qo Line Creek through the basal alluvial aquifer

was approximately.3x10° kg/year.

Annual loading of SGF from the WLC culvert outlet was calculated over Year 1 of the
study period using a methaimilar to that outlined in Day et al. (2012). A weekly average of
flow rate was determined and missing concentration data for individual weeks was created by
using tte last date for which data was available. An estimate of Year 2 was not calculated due to
construction at the culvert outlet which limited the number of water samples and the
completeness of flow data. The Year 1 estimate of loading fihennock drainn the catchment
as measured at the culvert outlet wax10° kg/year. This result was similar to at al. (2012)
that report 1.210 kg/year SG at the culvert outlet in 2008. Using the Year 1 estimate of SO
loading the contribution of groundwaterttee total loading from WLC was approximat&Bs.

5.9 Potential for Natural and Enhanced Attenuation of Cls

Natural attenuation of Se, NGand SQ* was notexpectedn the dominant aquifer, i.e.
the basal alluvial aquifedue to he dominantlyoxidizing conditionsmeasuredn situ. These Cls
are known to be mobile under the observed geochemical regichéhus,remedidion strategies
will likely need to alter the geochemical conditions in g@slogicunit to attemptd attenuate
their concentrationsAltering the geochemical conditions could encourage indigenous bacterial
populations to metabolize target contaminants through the addition of various amendments
discussed aén situ bioremediatiofin EPA (2013). i situ bioremediation has become widel
used for contaminated site treatment because of its relatively low cost, adaptability- to site
specific conditions, and efficacy when properly implemented (S2064a0). However, these
strategieamust address contaminants dissolved in groundwater asawéhose sorbed to the
aquifer matrix to be effectiveCd attenuatiorwas proposedn the overburden sedimends a
result ofthe research presented heramdwill need tobe addressegrior to any future remedial

work. Further investigation will be needi¢o determine theeservoir of Cd thatay exist either
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in the vadose zone or saturated zones of the overburden agaddisonally, the stability of
possible minerals thamay control Cd concentrations in groundwateill need to be
characterized to v@id producing secondary contaminants. Tlsisidy has provided site
characterization and a conceptual understanding to guide the subszgignt implementation,

and operatiomf in situ bioremediation.
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CHAPTER 6
CONCEPTUAL MODEL

A conceptual model ahe study arehydrogeologywas developed based on the geologic
setting, hydrogeological parameters and evaluation of hydraulic gradients in the groundwater
system. Delineation of the hydrostratigraphic units was completed using subsurface mapping,
testig of core samples and hydraulic testing of aquiféthysical processes controlling

groundwater geochemistry were evaluated.

6.1 Hydrostratigraphy

6.1.1 Unconsolidated Overburden Sediments

The conceptual model of the geologic setting was based primanmilg draided river
depositional model. Thisiodelwas proposed in response to the abuodaricoarse gravel and
sand sedimentat the site Braided river deposition occurs in glacial outwash plains along the
mountainous reaches of river systems where thegehigh gradients, abundant sediment and
sporadic water discharge (Boggs, 2001). Tasterline of thecatchment was shown to have a
gradient of ~0.12, there was abundant sedimentdtegttedup to 64 m of overburden at the
southern extentofthevajle and sporadic water discharge wa
deglaciation. Typically, braided rivers aggrade vertically by depositing sediment in one part of
the system and diverting flow to other parts. This phenomenon produced lateral migirétien
stream braids andhultiple paleochannels described in ERT surveys (Worley Parsons Ltd.,
2013).

Fine-grainedsedimentsin a braided river model of deposition, are deposited during low
discharge periods or in flood plains during hijecharge pericgl (Cant, 1982). Higlischarge
events also cause firgrained beds of silt and clay, formed under decreasing curedmtity
within the stream bed, to be reworked. Therefbraided stream deposits often forimegt sands
and gravelswith thin impersistat clays andsilts enclosed within coarser sediments (Cant, 1982

Figure 41; see Section 5.)..2
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Figure 41 Geometry of typical braided river deposits (from Boggs, 2001).

In addition to braided river deposition, several intervals obsenvdihological logs
were formed in glacidacustrine and glacial till depositional environmefitse glacielacustrine
sedimentseflecta period when surface outflow within the catchment was danfpeessiblyby
the Line Creek glacier or glacial moraipe§he existence of glacial till, characterized by
heterogeneous particle sizes, supported the interpretation that the overburden sediments were
formed in part by glaciers and glacialadvances (see Section 5.1.2).

Thus, he glacialdeposit/alluvial agifier system in the overburden sediments was formed
from a complex mix of interbedded materials, in which high permeability alluvial deposits occur
within lower permeability glacial tills and glaelacustrinedeposits.Due to the variability of
depositiona environments andsediment sources delineation of aqusfen these deposits
involves considerable speculation. The shifting positiomiwér pale@hannels that reworked the
overburden depositgroduceda characteristic textural variabilitgnd resultingin considerable
heterogeneity in the dighution of hydraulic propertieK varied by >3 orders of magnitude in
the permeable zone&stimates of total porosity were also variable, with higher porosity

occurring in finegrained intervals (see Section 2)2
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6.1.2 Bedrock

The bedrock beneath the overburden sediments was determined to be the Fernie
Formation, which is a pervasive unit found throughout the Canadian Cordillera. The Fernie
Formation is a marine deposited shale, siltstone and sandstorierthata significant regional
aquitard (Riddell, 2012; Michael and Bachu, 2001). The occurrence ebeditied sandstones
observed in outcrops may have suggested that the bedrock at this location was deposited in the
transitioral period between the Jurassio the Lower Cretaceous, whestuarine conditions
becamefreshwater sedimentation of the coal bealaptenay Group. Shale strata such as the
Fernie Formation generally behave as regional aquitards, but can locally contain members that
may host aquifersincluding fractured shale sequences and coarse clastic intervals (Riddell,
2012).

Prior to this study no hydraulic testing had been performed on the Fernie Formation.
Groundwater flow was likely focused in bedding planes and sandy intervals as webuaght
fractures and weathered intervals produced by glacial processes. Estinmtatesreflower than
the overburden deposits and less variable, but may have been elevated due to the location of the
monitoring wells in the weathered upper section (~1&htiis unit. Thus, the Fernie Formation
was described as a poor aquifeee Sections 5.2.Tpsting of core samples determined that the

porosity was also lower than the overburden deposits.

6.2 Conceptual Model of Hydrogeology

Groundwater flow was fosed at the base of the overburden sediments in the basal
alluvial aquifer, with minor components the underlyingbedrock formation and inverlying
perched aquifers. This was confirmbdsed orhydraulic parameters, the bedrock topography
and hydraulic bad data. The dominant groundwater flow direction along the periphery of the
valley was laterally toward the center of the valley, while groundwater in the thalweg of the
overburderbedrockcontactflowed parallel to the NWASE orientation of the catchmeiaward
discharge area3his is similar to a study by Roy and Masaki (2009) where groundwater flow in
an alpine catchment moratt&us field is channeled by bedrock topograpAyconceptual
crosssection of groundwater flow within the basal alluvial aguis shown in Figure 42, with
the size of the blue arrows reflecting the interpreted contribution of groundwater along different

pathways in the overburden sediments. This model was supported by the increased saturated
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thickness in the thalweg of the bedk, and the intermittent and shallow saturated thickness
along the periphery of the valley (see Section 512.2 eakage beneath perched aquifers was
inferred fromthe marked differences in groundwater spring elevatiddg¢d 1481 masl see
Section 5.2.2) andgroundwater temperature data resulting from ponded wdtkration (see
Section 5.3).

Figure 42 Conceptual model of groundwater in the basal alluvial aquifer (modified from Boggs,
2001). Blue denossaturated conditions and blueaws illustrate flow directions.

Groundwater flow through the perched aquifers in the overburden sediments and bedrock
formation were not quantified, but were considered minor components of the groundwater
system. However, an additional flow component loé tbasal alluvial aquifer through the
weathered and fractureshallow intervals of the bedrock formation mape considerable.
Exchange of groundwater between the bedrock formation and basal alluvial aquifer was inferred
from groundwater geochemistry froshallow bedrock wells, which often had the basal alluvial
aquifertype water Additionally, downward vertical hydraulic gradients were determined at two
locations, also suggesting the basal alluvial aquifety havepercolated into the bedrock
formation (se Section 5.5). Thus, the lower boundary of the basal alluvial aquifer may have
partially extended into the bedrock formation. Shown in Figure 43 is a depiction of groundwater

flow through overburden sediments with a component occurring through the béahroekion.
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Tiedeman et al. (1998) showat in formerly glaciated terrain the groundwater recharge into a
kettle lakeis up to 60% along flowpaths that involve movement in bedrbickvever, theK of
the bedrock in that study was an order of magnitudatgréhan in the current study araad the

formation was a metamorphic rock with significant dykes that may have enhanced flow.

Well 12-12

Line
Creelc
Bedrock

Figure 43.Groundwater flow paths can be divided into bedrock and glacial deposit flow
(modified from Tiedman et a11998).

6.3 Dilution to Overburden Aquifers

The distribution of Clsn the overburden aquifers was seasonally varidhilation was
determined to be the dominant mechanism controlling the concentrations of conservative Cls
(Se, S@ and NQ). The souces of dilution to the overburden aquifers were analogous to
natural sources of recharge in the catchment. Basetabfe isotopes of wat¢ri# a n°@) U
and groundwater temperature data, natural recharge to the overburden aquifers was proposed
through: upgradientrecharge of snownelt water and precipitation in upland areasnd
percolation of precipitation and ponded water through uncalaeli sedimentat the valley
bottom(see Sections 5.3, 5.4 and 5.6.2.1).
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6.3.1 Upland Recharge

Recharge to the overburden aquifers through colluvial deposits along the western slopes
of the catchment was evaluated using a digitized 1979 geophysica/} sfithe western slope of
the catchment (Golder Associates Ltd., 1979) and LIDAR data (provided by Teck Coal Ltd.).
The 1979 pranining geophysical survey outlined the depth to bedrock of the colluvial deposits
beneath the high alpine cirques of the Wistdk Range, which formed the western catchment
boundary. The colluvial deposits were shown to be up to 35 m thick, although were considerably
thinner beneath the ephemeral stream channels describeAMBC Environmental &
Infrastructure(2013. Shown in Fgure 44 is the lower portion of the middle of five alpine
cirques outlining the ephemeral stream channel and eroded the colluvium. Colluvial deposits
were proposed to provide recharge to underlying aquifers because of their-greared
structure and hig infiltration capacity (Den Van Brink and Jungerius, 2006). Groundwater
temperature andtable isotopes of watéridH a rt®®) data at the northermost monitoring
wells, which were located at the base of the steep western slope, supported this recharge
mechanism. At these wells recharge to the aquifers during sfpesiget had a signature for
water sourced at high elevation®. colder temperatures and depleted isotopes of water (see
Section 5.41).
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Figure 44 Colluvial depods of the Wisukistak range shown with 20 m contour lines (blue line is
the 1979 geophysics surveysmpletedoy Golder Associates Ltd.).

Recharge to the overburden aquifers through the colluvial deposits may have also been
enhanced by to the topographfytbe Wisukistak Range. Precipitation in mountainous regions
increases with elevation and the Wisukistak Range is up to 2650 masl| (Shatilla,B20b8)ur
et al. (2015) determined that the catchment has a local temperature and precipitation lapse rate of
approximately-0.48°C/100 m and +21 mm/100 m change in elevatiaditionally, it is
bordered by the deeply incised Elk Valley to the east and the WLC valley to the west, producing
a large range of elevation over a small area. Precipitation is affectgthhges in elevation of
airmasses by two distinct processeas. convective instability and largale orographic lifting
(Baron and Denning, 1993). Convective instability is brought about by differential heating of
low- vs highelevation air masses, leencing precipitation. Largecale orographic lifting occurs

when rising air cools and condenses as it encounters mountain barriers, and thus enhancing
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precipitation. Therefore, this phenomenon may increase precipitation over the western boundary

of the cachment were substantial recharge to aquifers was proposed.

6.3.2Infiltrating Precipitation and Lateral Groundwater Flow in the Overburden
Sediments

The percolation of surface ponded water directly through the overburden sediments was
presented as a pathy for waste rock effluent to enter the overburden aquisers Sectio®.3).
Similarly, naturalrecharge to the aquifers occurred when precipitatifitrated directly through
the overburden sediments (see Section 5.2.3.1). This mechanism alsocediggnundwater
flow along theboundarief the study site, driving groundwatiéow from areas unaffected by
mining toward the center of the catchment. This lateral flow component in the groundwater
system diluted waste rock effluent in the subsurfau® py discharge to Line Creek.

The recharge and dilution of Cls by the lateral flow component of the groundwater
system was supported by water level maps of the basal alluvial a(peiéeSection 5.2.1.3he
mapped bedrock topography (see Sectidrilh.andthe excess recharge described using rainfall
events and estimates of, §ee Section 5.2.3.1The bedrock surface was shown to be an
importantlower boundary controlling groundwater flow in the basal alluvial aquifer, and the rise
in bedrock elevigon beneath the AWTF area the east and beneath well nestOF2to the west
may haveinfluenced groundwater flow toward the center of the vallBye occurrence of
groundwater flow being channeled by the bedrock topography toward the center of tiie valle
was also proposealy examining the apparent excess of recharge from individual rainfall events.
This aspect of the proposed conceptual model differs from the literature on groundwater systems
in alpine/subalpine environmentdue to the use of a netwook groundwater wellén this study
and the associated internal data on the structure of the overburden and bedrock provided by

drilling.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

Steelmaking coal mining in the Elk Valley, BC, Canada has produced increasfage
water quality concerns downstream of onmines and waste rock dumps. In 2014, Teck
Resources Ltd. Elk Valley Water Quality Plan identified strategies and solutions to address these
concerns, although the contribution of groundwater from smmgacted tributaries was not
discussed. This study is a component of a recent multidisciplinary research program to
characterize the release of Cls (Se,5@d and N@) from key watersheds of concern, in this
case the WLC catchment. An evaluation @& ttydrogeology, groundwater quality and the effect
of waste rock effluent on the altered hydrological regime of the catchaeeatcompletedThe
objectives of the research presented in this thesis wer ¢haracterize the hydrogeology and
hydrochemiry in the WLC valley downgradient of a waste rock dump, (2) to estimate the rates
of annual groundwater flow and mass fluxes of Cls in the dominant aquifer, and (3) to evaluate
the potential for natural or enhanced attenuation of Clis in the groundwstiEmsy

The studysite was instrumented with 13 monitoring wedsross the valley bottom site
and 8 shallow drivepoint wells located along the bank of Line Creek and at groundwater springs.
Samples of core and drill cuttings were analyzed to determinecheatael parameters, hydraulic
properties, porewater chemistry, solid digest chemistry and leached water chemistry. Data
loggers were installed in monitoring wells from September 2012 to September 2014 to record
hydraulic head, temperature, SpC. Fallingchbgdraulic tests were conducted to determine the
K of aquifers intwo geologic formations, i.ethe overburden and bedrock. Groundwater
sampling was conducted from May 2013 to September 2014 concurrently irwititu
measurement of geochemical parametehsiditional water samples were collected at
groundwater springs, the rock drain and from monitoring wells adjacent to the study site (AWTF
area). These water samples helped to assess the impact and extent of coal waste rock seepage on
groundwater. All wate samples were analyzed for major anions, major cations, trace
constituents, stable isotopes of water, and select samples were analyzed for selenium speciation
and>H/*He isotopes.

Lithological logs showed that the geology of the study site was defined $lyale
bedrock overlain by unconsolidated overburden sediments (up to 64 m thick). The overburden

sediments wer@rincipally formed by braided stream deposition producing extensive coarse
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grained gravel and sand intervalBhe inconsistent occurrence oihd-grained glacial till
supported that the valley bottom sediments were formed from a complex series of cut and fill
events. Thalacial till and discrete glaciacustrine deposits were encountered at varying depths
in the overburden, producing markedntrast in the distribution of hydraulic parameters. The
results ofK-testing in the overburden sediments indicated variations in the permeable zones of
more than 3 orders of magnitude 1@ 10” m/s), with a geometric mean of 3.45%1/s. This
variability reflected the differences in particle size distributions of individual layers witisn th
unit. Porosities ranged from 0.16 to 0.49 but were estimated to be 0.30 for the bulk deposit.
Downward vertical hydraulic gradients were measured at two wek magtin the overburden
deposit and ranged from @@ 0.26. The average horizontal hydraulic gradient between well
12-09c and 1210b, found along the dominant groundwater flow path, &va$and was similar

to the gradient of the catchmez@nterline of approximately 0.12.

The shale bedrock was identified as the Fernie Formation and had porosities ranging
from 0.16 to 0.25. Although the number Kftests in the Fernie Formation shale bedroeken
limited, theK was lower than the overburden aquifers vétlgeometric mean &.3x10° m/s.
Groundwater flow in the bedrock was presumed to occur along fractured and sandy intervals
observed in well logs and outcrops. Overall, this stratum was characterized as a poor aquifer and
was geochemically distinct frorhte  over bur den “E0gaand seablesisotopesoé d o n
wat éH anad). u

Based on the evaluation of downhole data loggers (hydraulic head, temperature, SpC) and
the chemistry of water samples, groundwater flow and the transport of Cls fromagtes rock
dump occurred primarily in an unconfined aquifer located at the base of the overburden
sediments (i.e. the basal alluvial aquifer). Thesidped topography of the lekv bedrock
formed the base of this aquifer. Hydraulic head data demonstratati¢hdominant groundwater
flow direction was longitudinally along the NVBE orientation of the catchment toward
discharge areas. Groundwater in the basal alluvial aquifer along the periphery of the valley
flowed laterally toward the deeper thalweg of thedrock surface. Minor components of
groundwater flow also occurred in perched aquifers located atop discrete-lgtastiine
intervals but their contribution to total groundwater flow in the catchment could not be
quantified. Groundwater flux throughhd basal alluvial aquifer was estimated to be

approximately 16% of total flow from the basin. If base flow in the rock drain was considered as
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entirely due to groundwater then the total groundwater contribution of water flow from the valley
was roughly 50%The residence timef groundwater in thdvasal alluvial aquifeacross the
approximate 650 m flow pathagsdetermined to be Q.years based on estimates of groundwater
velocity and less than 3 years basedttiHe dating.

Geochemical analysis demonsgi@tseveral chemistry efmdembers of groundwater
samples: a (NaK*)/(COs*+HCOy) type water in the bedrock formation, a’@G¢CO:>+HCO;)
type water in the overburden aquifers not impacted by mining, and?4®4§)/SO* type
water in mineimpacted oveburden groundwater. Groundwater in the overburden ranged from
unsaturated to supersaturated with respect tMGaarbonates (calcite, dolomite). Geochemical
controls on SG were not encountered in the overburden aquifers, suggestigt \8& a
consenrative ion in solution. Evaluation of $©concentrations using a 100 mg/L concentration
criterion indicated that 8 out of 9 monitoring wells installed in the overburden aquifers were
mine-impacted for at least a portion of the study period.

Major ions an Cls listed in the Elk Valley Water Quality Plan (2014) were evaluated
using linear correlations with S® concentrations. This served to distinguish between
conservative (Mg, Se, N@) and norconservative constituents (€aHCO;, Cd) undergoing
geachemical reactions such as mineral precipitation/dissolution or adsorption. Se was highly
correlated in groundwater with $O(R*= 0.95), suggesting that no significant attenuation of Se
existed in the overburden aquifers. Furthermore, no attenuatioNOgf was evident in
overburden agquifers, although the correlation with,S@as poor, likely due to spatial
variability in the flushing of N@ from the waste rock dumfThus, eduction of Se and SO
and denitrification of NQ" in solution was not appamt and was consistenwith the
predominantly oxidizing conditions in the overburden aquifers. This suggests thatmpated
groundwater flowing through unconsolidated overburden sediments tratspert S and
NOs” with no evident removal of mass.

Cadmium was observed to be a rcumservative Cl in groundwatand appeared to be
attenuated in the overburden aquifers relative tg”SQoncentrations of Cd in groundwater
were below the BC WQG for aquatic lifé0.37 pug/L) and regularly measurechearthe MDL
(0.01 pg/L) However, Cd concentrations in the rock drain ofeaceeded BC WQG. This
suggested that Cd attenuation in groundwater may have been a product of the subsurface

receiving environment (i.e. natural geologic media) and the conditionsugngd this
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phenomenomwere absent within the waste rock dump. Further evaluation of the subsurface Cd
reservoir would be needed prior to the subseqdesign, implementation, and operation of in
situ bioremediation technologies.

The heterogeneity of theverburden deposits produced vertical and lateral dispersion of
solutes sourced from the waste rock dump. This was evident irrdsghution vertical profiling
that demonstrated that Se concentrations above BC \WQ@&quatic lifeoccurred in 98% of
analyzd porewater from core samples (n = 223). Porewatg? 8@centrations in core samples
exceeded the 100 mg/L criterion (MEND Report 10.3, 2015) in 87% of samples (n = 110).
Additionally, concentrations of Se exceeding BC WQG in groundwater within ticbneant
boundary were measured as far as 720 m from the subsurface intake of the underground drainage
culvert. Concentrations of Se and N@ecreased linearly with S®in the overburden aquifers
along groundwater flow paths, suggesting dilution was tiragsy mechanism controlling the
concentrations of these constituents and their temporal variability. Thus, two major discharge
pathways for minémpacted water existed from the waste rock dump toward Line Creek, i.e.
overburden aquifers and rock drain.wver, these two pathways differed in their temporal ClI
concentrations and in the degree of waste rock effluent dilution. This was supported by
calculations of annual groundwater and S@lux, which suggested that the basal alluvial
aquifer discharged 26 of the water but only 7% of the $Oload from the entire catchment.
The source of this dilution was proposed to be lateral aralésy groundwater flovas well as
direct infiltration of precipitation in upland areas ancbtigh the overburden sedimsnt

The concentrations of I€ in the deeper bedrock formation monitoring wells were not
greatly elevated when compared to overburden aquifers. Furthermore, the geochemical
conditions within these deeper bedrock monitoring wells were sufficiently reducimassibly
inhibit the mobility of SG*, NOs', and Se. The infiltration of minenpacted water into shallow
fractured bedrock intervals <3 m below the overbubledrock contact was established using
the dissolved ion chemistryf groundwater samplesHowever, from a mine management
perspective, the lower boundary of the basal alluvial aquifer in which Cls were transported can
be approximated at the overburdeedrock contact and this boundary was easily defined using

costeffective geophysical methods.
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7.1 Recommendations for Future Work

The research described in this thesis was part of a larger ongoing program to characterize
the release of Cls from coal mine waste rock dumps in the Elk Valley. Below are suggestions for
additional groundwater related stesl that could aid in the development of sustainable mining of
coal in the EIk Valley, BC.

1) Additional work at monitoring well 222 and 1210c is recommended; specifically, removal

of fine-grained sediments from the well screen to improve the estimbBkeand investigate the
drilling methods that may have produced the infill of silt in the well screen. The cause of these
siltedin wells is currently attributed to overpumping of the wells at high rates, which allows
fine-grained sediments to preferealy migrate into the screen from the top of the screened
interval. Finegrained sediments that occurred in the formation above the screened interval may
have also slumped into the screen during well development. Understanding the effects of drilling
practces on aquifer characterization could be useful in future groundwater studies in similar

geologic media.

2) A postsampling SpC response (see Section 5.6.2.1) was observed at monitoring 1¥/1t12

was suspected that sampling at this well may havesased a shallower and more dilute zone of
the aquifer. Removal of the firgrained materials and subsequent-itaw sampling of well 12

12 could provide samples more representative of the aquifer at this location andtardong
compliance well. It shodlbe noted that the porewater samples from below the screened interval
of well 1212 had some of the highest concentrations of Se antl ®@asured at the study site.
This may suggest that Cls from the waste rock dump have migrated to the bottom afem aqu
prior to extensive lateral movement or that historic or current processes may allow Cls to
concentrate within this zone. An investigation of possible stratification of the basal alluvial
aquifer with respect to Cl concentrations may also be prudettdieess future remedial options

as well as phenomena pertaining to Cl discharge into surface waters.
3) In conjunction with the lowlow sampling of monitoring well 1-22, continued sampling of

the Line Creek drivepoint wells is recommended to fullyrabierize the seasonality of ClI
concentrations discharging to Line Creek. This will allow for a more robust estimate of loading
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from the groundwater system to surface waters. The trend in CI concentrations sampled at the
discharge areas along the bank ofd_Creek with drivepoint wells suggested that concentrations
may continue to increase throughout the winter. Thus, if groundwater discharge is fairly
consistent throughout the year then there may be a significant increase in loading during the
winter monhs. Additionally, upstream and downstream sampling of Line Creek may corroborate

loading estimates.

4) Additional studies of groundwatsurface water interactiorsdong Line Creekvith respect to

Cls are recommended. Mapping of the bedrock surfacedrsthidy suggested that Line Creek

may be underlain by up to 20 m of overburden sediments but the role of this zone in transporting
Cls beneath Line Creek is not understood. The hyporheic zone beneath stream beds may also
play a role in attenuating Cls mfluence which areas discharge mingacted groundwater.

5) Another improvement to Cl loading estimates in the basal alluvial aquifer woyldskible

by the development of a transect of multiple monitoring wells perpendicular to the dominant
groundwagr flow direction. Multiple sampling points in the dominant aquifer would allow the
Cl plume to be properly depictatear monitoring well 1:A20b. This will also allow for more

accurate calculation of mass flux of Cls as well.

6) The downward movement of imne-impacted groundwater into the underlying bedrock
formation was proposed in shallow bedrock wells. However, the occurrence of waste rock
effluent at deeper intervals below the overburbedrock contact was not confirmed, even
though occasionally elewad NG concentrations above background values were noted.
Sampling of bedrock wells 320c and 121 2 fNoza & d®Ogs could help elucidate the
source of nitrogen in the deeper bedrock wells. It is possible that the deeper bedrock wells in this

study exist at the boundary between a nitrate reduction and iron reduction zone.

7) An investigation of the role of R® on the WLC rock drain and groundwater system is
recommended. The WLC catchment has phosphate deposits that outcrop along the western
portion of the valley (see Butrenchuk, 1989). Aqueous:’P@ known to be preferentially

absorbed onto mineral surface over other anions such as selenate and selenite, which may have
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implications in the rock drain and groundwater system. Small algal bloogns moted in
sedimentation ponds downstream of the toe of the waste rock dump suggesting possible nutrient

loading from the waste rock dump via the rock drain may be substantial.
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APPENDIX A

ADDITIONAL FIGURES
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Figure A1.Simplified lithological logs of all wells including AWTF wellsé. 12-01, 1202, 1203,12-04 and 1205).
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Figure A2. Porosity values of core samples collected from monitoring wel6E2shown with
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FigureA13. Vertical profile of Cd and Seoncentration from solid digest and pore water analyses of core samples from-0@# 12
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FigureAl4. Vertical profile of Cd and Se concentration from solid digest and pore water analyses of core samples froidolell 12
Open squares represent groundwatamples from well 1-D6a (T-bars represent screened interval of the well). ifliertedtriangle
represents the average water level.
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