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Abstract
Steelmaking-coal waste rock placed in mountain catchments in the Elk Valley, British Columbia, Canada, drain constit-
uents of interest (CIs) to surface water downgradient of the waste rock dumps. The role of groundwater in transporting
CIs in the headwaters of mountain catchments is not well understood. This study characterizes the physical hydrogeol-
ogy of a portion of a 10-km2 headwater catchment (West Line Creek) downgradient of a 2.7-km2 waste rock dump
placed over a natural headwater valley-bottom groundwater system. The study site was instrumented with 13 monitoring
wells. Drill core samples were collected to determine subsurface lithology and geotechnical properties. The groundwater
system was characterized using field testing and water-level monitoring. The valley-bottom sediments were composed of
unconsolidated glacial and meltwater successions (<64 m thick) deposited as a series of cut and fill structures overlying
shale bedrock. An unconfined basal alluvial aquifer located above fractured bedrock was identified as the primary
conduit for groundwater flow toward Line Creek (650 m from the toe of the dump). Discharge through the basal alluvial
aquifer was estimated using the geometric mean hydraulic conductivity (±1 standard deviation). These calculations
suggest groundwater discharge could account for approximately 15% (ranging from 2 to 60%) of the total water
discharged from the watershed. The residence time from the base of the waste rock dump to Line Creek was estimated
at <3 years. The groundwater system was defined as a snowmelt (i.e., nival) regime dominated by direct recharge
(percolation of precipitation) across the catchment.

Keywords Mining . Canada . Coal . Headwatermountain catchment . Physical hydrogeology

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10040-018-1809-z) contains supplementary
material, which is available to authorized users.

* Jakub T. Szmigielski
jas676@mail.usask.ca

M. Jim Hendry
jim.hendry@usask.ca

1 Department of Geological Sciences, University of Saskatchewan,
Saskatoon, SK, Canada

2 Department of Civil, Geological and Environmental Engineering,
University of Saskatchewan, Saskatoon, SK, Canada

3 School of Geography and Earth Sciences, McMaster University,
Hamilton, ON, Canada

4 SRK (Canada) Consulting Inc., Vancouver, BC, Canada
5 Worley Parsons Canada Ltd., Calgary, AB, Canada

Hydrogeology Journal (2018) 26:2341–2356
https://doi.org/10.1007/s10040-018-1809-z

S. Lee Barbour
lee.barbour@usask.ca

Sean K. Carey
careysk@mcmaster.ca

John Kurylo
j.kurylo@srk.com

A. F. McClymont
alastairmcclymont@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s10040-018-1809-z&domain=pdf
https://doi.org/10.1007/s10040-018-1809-z
mailto:jas676@mail.usask.ca


Introduction

The Elk Valley watershed, located in the mountainous East
Kootenay region of southeastern British Columbia (BC)
(Fig. 1), is a major source of steel-making coal in Canada. A
multi-disciplinary research program is underway to improve
upon the understanding of the origin, fate, and transport of
constituents of interest (CIs; including selenium [Se], sulfate
[SO4

2−], and nitrate [NO3
−]) derived from coal-mine waste

rock to the Elk River (Fig. 1). Exposure of waste rock to
atmospheric conditions during blasting and dump placement
causes sulfide minerals present in the rock (e.g. pyrite) to
oxidize producing sulfuric acid (H2SO4). Carbonate minerals
present in the rock buffer the acid; however, the weathering
process still results in the release of CIs incorporated in the
sulfide minerals (Se and SO4

2−). Nitrate (NO3
−) is released

from explosives during mining and can also leach from the
waste rock into receiving waters (Mahmood et al. 2016).
Waste rock dumps in the valley can be up to several kilometers
long and hundreds of meters high (Wellen et al. 2015).
Although the impact of the waste rock on surface-water qual-
ity and catchment hydrology in the Elk Valley has been stud-
ied (Shatilla 2013; Villeneuve et al. 2017; Wellen et al. 2015),
CI migration via groundwater is not well understood in head-
water catchments.

Miller and Zégre (2014) demonstrate that the placement of
waste rock from shallow coal-seam mining in the United
States can alter the catchment landscape, vegetation, and sur-
face runoff pathways. The impacts of coal mining on down-
stream surface-water systems are well documented (Bernhardt
and Palmer 2011; Griffith et al. 2012; Miller and Zégre 2014),
but complex and poorly defined hydrogeology has made de-
lineating CI release through groundwater difficult (Holzman
2011). In the Powder River Basin in Wyoming, limited data
provide insight into the contribution of CIs (e.g. Se, SO4

2−,
and NO3

−) in groundwater to water quality downstream of
waste rock dumps (Dreher and Finkelman 1992; Everett
1985; Naftz and Rice 1989).

Mountain catchments are high relief environments that are
important sources of freshwater for local ecosystems and con-
nected downstream basins (Allen 2011; Viviroli and Messerli
2003). The hydrogeology of arid and semi-arid continental
mountain catchments of the western United States has been
characterized (Ajami et al. 2012; Manning and Solomon
2003, 2005; Wahi et al. 2008; Wilson and Guan 2004).
There is comparatively less hydrogeological information in
northern temperate mountainous regions such as the
Canadian Cordillera (Allen et al. 2010), and in particular head-
water catchments. The hydrogeology of these environments is
poorly understood (Tiedeman et al. 1998; Viviroli et al. 2007;
Winter et al. 2003) and studies have relied on surface-water
characterization or runoff measurements (i.e., springs, lakes,
and ponds) to elucidate water sources and groundwater flow

paths (cf. Clow et al. 2003). This is due in part to the difficulty
of drilling boreholes and installing wells in these areas given
limited access and regulations regarding the protection of pris-
tine environments (Roy and Hayashi 2009). Mining opera-
tions in the Elk Valley have developed conceptual models of
local groundwater flow systems and a regional groundwater
model was developed for the Elk River floodplain (i.e.,
lowland areas; Teck Resources Ltd. 2017).

The objectives of this study were to characterize the phys-
ical hydrogeology of a headwater catchment in the Elk Valley
and the effect(s) of waste rock placement on the local valley-
bottom groundwater system. The objectives were met by
installing andmonitoring (over a 2-year study period) 13wells
in the water-bearing formations and collecting and analyzing
core samples to define subsurface lithology and geotechnical
properties. These data were augmented with spatial geophys-
ical measurements. The interpretation of the groundwater flow
system was integrated with observations of watershed hydro-
meteorology as well as flow and chemistry from a rock drain
(a permeable rubble zone at the base of the dump) as reported
by Barbour et al. (2016) and Villeneuve et al. (2017). These
data allowed one to estimate the rates and fluxes of ground-
water discharging from the catchment. The findings of this
study provide a unique case history of water migration from
coal-mine waste rock dumps, through the groundwater regime,
and into the surface water. It also improves upon the limited
understanding of the hydrogeology of headwater catchments in
northern temperate mountainous regions.

Materials and methods

Study area

The study area is located in the small (10 km2) West Line
Creek (WLC) catchment situated approximately 25 km north
of Sparwood, in southeastern BC, Canada (Fig. 1). The catch-
ment is a part of the Line Creek Operation (LCO) operated by
Teck Resources Ltd. The mine site drains several small catch-
ments adjacent to Line Creek, a tributary of the Elk River. The
WLC catchment ranges in elevation from 1,450 to 2,650 m
above sea level (m asl) at the peaks of the Wisukitsak range
(Shatilla 2013). A series of five alpine cirques occur between
the limestone and sandstone peaks along the western edge of
the catchment (Fig. 2a). The orientation of the valley (i.e., the
centerline azimuth) is approximately 160° and roughly paral-
lels the crest of the eastern edge of the catchment.

The valley has a U-shaped cross section, indicative of its
glacial origin, and the slopes of the valley walls progressively
steepen with increasing elevation above the creek.
Geomorphological processes on the valley walls produced
large-scale downslope movement of colluvium or talus slopes.
A series of ephemeral streams have cut deep (>15m) channels
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into the colluvium. The bedrock unit at the base of the valley is
the Fernie shale Formation into which the historical WLC
stream cut a 300-m ravine prior to valley infilling (Golder
Geotechnical Consultants (now Golder Associates Ltd.)
1979). Butrenchuk (1987) states that the Fernie Formation in
the WLC catchment dips steeply eastward, with the base of
this unit outcropping along the western slopes of the catch-
ment. Riddell (2012) and Michael and Bachu (2001) define
the Fernie Formation as a regional aquitard.

The mean annual temperature at Sparwood, BC is approx-
imately 4 °C (9–15 °C in summer and −2 to −7 °C in winter).
The mean annual precipitation reported at the Sparwood (Fig.
1) Environment Canada (2017) station (weather station ID
1157630; elevation 1,137 m asl) is 772 mm. Two on-site
weather-monitoring stations measured mean annual precipita-
tion ranging from 600 to 800 mm (2012–2014), although
these values might not be representative of the entire catch-
ment given the wide range of elevations in the watershed. For
example, Shatilla (2013) reports that from 1,300 to 1,850 m

asl the proportion of snow to rain in 2012 varied from 28 to
66% and Barbour et al. (2016) uses a precipitation lapse rate of
+21 mm/100 m to estimate climatic conditions over the range
of elevations at the WLC dump.

TheWLCwaste rock dump was constructed between 1981
and 2012 using end-dump methods. It covers about 30% of
the catchment (2.7 km2) along its eastern extent (Fig. 2a). In
2010, the waste rock dump was approximately 3.5 km long
and 1 km wide with a mean thickness of 115 m and a total
volume of approximately 2.1 × 108 m3 (Villeneuve et al.
2017). End-dumping has caused coarser material to segregate
on the valley floor and form a cobble rich zone (rock drain)
over the historical stream course. Barbour et al. (2016) evalu-
ated the seasonality and magnitude of net percolation into the
WLC waste rock dump and the downgradient natural alluvial
deposits using high resolution vertical profiles of stable iso-
topes of water (δ2H and δ18O). The ranges of δ2H and δ18O in
pore water and water samples from the rock drain suggest the
rates of recharge through the unreclaimed dumps is two to

Fig. 1 Location of the Elk Valley, British Columbia, Canada, and coal mining operations in the valley, including the Line Creek Operation (LCO)
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three times that of natural, vegetated slopes. The volume of
recharge into the dump was equally distributed between
snowmelt and summer rainfall. Villeneuve et al. (2017) also
estimated greater net percolation through the dump than
through the natural watershed (from 1.5 to 5 times) based on
time-series CI concentrations from the rock drain.

The valley-bottom downslope of the waste rock dump is a
gently sloping terrace approximately 1 km long (Fig. 2b).
LiDAR data collected since mining commenced suggest the
topography of this terrace has remained largely unchanged
following dump placement. A steep slope at the SE boundary
demarks the terminus of the catchment where it joins with the
larger Line Creek drainage (Fig. 2b). A corrugated pipe drain-
age culvert, referred to as the rock drain culvert, was buried in
the terrace sediments to direct water from the rock drain to-
ward Line Creek. The location of the rock drain culvert that
extends from the toe of the waste rock dump towards the
southeast (Fig. 2b) was confirmed using a magnetic survey.
Golder Geotechnical Consultants (now Golder Associates
Ltd.) (1979) report that the culvert was constructed on top of
coarse debris placed within the existingWLC creek channel to
accommodate greater flow volumes.

Drilling

Thirteen boreholes were drilled at six sites over the southern
extent of the WLC catchment between July and August 2012
(Fig. 2b). All boreholes were drilled using either sonic (drilled

without the use of water) or air rotary drill rigs (Table 1). The
boreholes were typically drilled in nests of two to three holes
to target different aquifers at the same location. Sonic drilling
was performed using a Boart Longyear (Sonic Rig 1524)
truck-mounted sonic drill rig with a 152–178-mm casing.
Sonic core samples were collected using a 0.10-m ID (and
occasionally 0.15-m ID) × 3.05-m-long core barrel with ap-
proximately 90% core recovery. These boreholes were drilled
and continuously cored to depths ranging from 12.8 to 56.4 m
below ground surface (bgs). Air rotary boreholes were drilled
using a JR Drilling (Foremost DR 24 drill) truck-mounted air
rotary rig with a 152–203-mm casing. These boreholes were
drilled to depths ranging from 9.3 to 76.3 m bgs. Drill cuttings
from the air rotary drilling were logged for physical and lith-
ological characteristics in the field, while sonic core was trans-
ferred to an on-site core shed for logging and sampling.

Duplicate samples were collected from the sonic core at
approximately 1-m intervals. Sample handling methods were
designed to preserve samples for subsequent physical, chem-
ical, and isotopic analyses reported in companion studies (e.g.,
Barbour et al. 2016; Hendry et al. 2015). After retrieval of the
core barrel, the core sample was transferred into a plastic
sleeve. The ends of the sleeves were immediately knotted,
placed in a 101.6-mm-diameter polyvinyl chloride (PVC) half
pipe, and transferred to the on-site core shed. In the shed, the
sleeves were cut lengthwise, the cores were logged, and solids
samples collected. Prior to collecting samples, the outer 1–5-
mm layer of the core was removed to minimize sample

Fig. 2 The study area: a study area location (black box) within the West
Line Creek watershed showing the five west-valley cirques (numbered)
and the meteorological station at the southern extent of the waste rock
dump (white diamond); and b a topographic map of the study area (10-m
elevation contours) showing the location of boreholes drilled as part of the
current study (red squares), the electrical resistivity survey (thick white

lines), five boreholes drilled as part of the active water treatment facility
technical study (green diamonds), groundwater springs (yellow triangles),
and the subsurface drainage culvert that collects and transmits rock drain
water (dashed purple line) toward the culvert outlet (purple square) from
1,500 to 1,450 m asl. Map coordinates displayed as NAD 1983 UTM
Zone 11 N
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contamination. All core samples were immediately transferred
into double 1-L Ziploc plastic bags with the air squeezed out
prior to sealing and placed in a cooler for transport off-site.
The following day, the core samples were transferred from the
Ziploc bags into double Food Saver bags (0.20 m × 0.23 m)
and vacuum sealed. The Food Saver bags were weighed and
stored at room temperature prior to shipment to the Aqueous
Environmental and Geochemistry Laboratory (AEG) at the
University of Saskatchewan.

Monitoring well installation and downhole data
logging

Monitoring wells were installed to target key water-bearing
units (Table 1; Fig. 2b). The wells were constructed using
either 51 or 102-mm Schedule 40 PVC with a PVC screen.
All screens were 3.05 m in length with the following excep-
tions: two shallow wells (12-07a and 12-07c; Table 1; Fig. 2b)
had 1.52-m intake screens and one well (12-09c; Table 1; Fig.
2b) had a 6.10-m intake screen. A sand pack was placed
around the screened interval extending 0.61 to 1.52 m above
the top of the screen. A bentonite seal (1.52–3.04 m) was
typically placed above the top of the sand pack before the drill
rods were pulled. Subsequently, the remainder of the annular
space was filled with bentonite chips and pellets after the
casing was removed. Select boreholes also had an additional
segment of PVC placed below the screened interval to act as a
sump for fine-grained sediments entering the screens.

The monitoring wells were developed by purging three or
more well volumes from wells that recovered rapidly and a
minimum of one well volume for lower permeability units.
The purging was done using an electrical Grundfos Redi
Flow 2 pump equipped with a single discharge tube. After

the wells were purged, a Solinst 3001 Levelogger Edge was
installed at the base of the screened interval in each well to
record total pressure and temperature every 15 min. The pres-
sure sensor accuracy was ±0.05% full scale. Solinst 3001
Barologger Edges, with a pressure sensor accuracy of
±0.05 kPa, were installed within the open riser (1-m depth)
to record barometric pressure (BP) at each well nest. The
hydraulic head was calculated using the total pressure read-
ings and subtracting the barometric pressure. Hydraulic head
data were collected for the 2013 hydrological year (October 1,
2012 to September 30, 2013) and 2014 hydrological year
(October 1, 2013 to September 30, 2014). Manual measure-
ments of water levels were conducted intermittently using a
SolinstModel 101 P7water-level meter to ensure the accuracy
of the submerged level logger.

Data from five additional boreholes and associated moni-
toring wells installed as part of a geotechnical site characteri-
zation for an active water treatment facility (AWTF) landfill
(SRK Consulting Inc. 2013; Fig. 2b) were used to augment
interpretations in the current study. These wells were located
directly south of the study site and on the terrace at the south-
ernmost extent of the catchment.

Hydraulic testing

In situ rising head hydraulic conductivity (K) tests were con-
ducted on wells with completely submerged screened inter-
vals based on ASTM D4044–96 (2008). Drawdowns in the
wells were induced using a Geotech SS Geosub electric pump.
Water-level recoveries were measured at 1–60-s measurement
intervals on a Solinst 3001 Levelogger Edge. Rising head tests
were also conducted pneumatically in those wells screened in
high-K units (i.e., exhibiting rapid water-level recovery)

Table 1 Details of drilling
program Borehole ID Surface elevation

(m asl)
Total depth (m
bgs)

Depth range of screened
interval (m bgs)

Geologic
formation

Sonic boreholes

LC-WLC-12-06a 1,509.8 44.2 10.7–13.7 Overburden

LC-WLC-12-06b 1,509.9 25.9 19.8–22.9 Overburden

LC-WLC-12-07a 1,489.1 12.8 10.2–11.3 Bedrock

LC-WLC-12-09b 1,524.1 46 41.2–44.2 Overburden

LC-WLC-12-10b 1,498.3 56.4 44.2–47.2 Overburden

LC-WLC-12-11 1,442.4 28 3.7–6.7 Overburden

LC-WLC-12-12 1,447.5 32 21.1–24.1 Overburden

Air rotary boreholes

LC-WLC-12-06c 1,509.8 76.2 72.5–75.6 Bedrock

LC-WLC-12-07b 1,488.7 16.8 11.4–14.3 Bedrock

LC-WLC-12-07c 1,488.6 9.3 6.2–7.8 Overburden

LC-WLC-12-09c 1,524.3 47.4 34.1–40.2 Overburden

LC-WLC-12-09d 1,523.6 11 6.1–9.1 Overburden

LC-WLC-12-10c 1,497.6 65.8 60.7–63.7 Bedrock

Hydrogeol J (2018) 26:2341–2356 2345



following the method proposed by Butler et al. (2003). Awell
cap was modified to provide an airtight seal and compressed
air was introduced into the well to depress the water level by
approximately 0.5 m or less. The K values were determined
using the method of Bouwer and Rice (1976) and software
developed by Halford and Kuniansky (2002). Three or more
rising head tests were conducted at each well using two or
more different initial displacements (H0) of the water column.

Geotechnical analyses

Particle size distribution, gravimetric water content (ω), and
dry bulk density (ρd) measurements were performed on two
subsamples from each 1 m of sonic drill core. Particle size
analysis was performed using the ASTM D422–63 (2007)
sieve-hydrometer method and a laser-diffraction method
(LDM). Results of the LDM particle size analysis were cali-
brated to the sieve-hydrometer method as outlined in Eshel et
al. (2002). Approximately 2 kg of each core were collected
and homogenized in a steel bowl. Core samples were first
sieved to determine gravel-sized fractions, and then analyzed
by LDM to determine sand, silt, and clay fractions. The LDM
analysis was performed using a Mastersizer 2000 and samples
were run at a laser obscuration of 10 to 15%, dispersion pump
speed of 2,200 rpm, and ultrasonic tip displacement of 3 μm
for 60 s prior to data collection. Each sample was measured
three times for 20 s, with the mean of the three runs reported
(Sperazza et al. 2004). Particle sizes are presented using the
United States Department of Agriculture (USDA) classifica-
tion for soil particles (<2-μm clay, 2–50-μm silt, 50–
2,000-μm sand, and >2,000-μm gravel).

Sonic drill core subsamples were weighed before the sealed
sample bags were opened to ensure no water loss occurred
during storage. The ω values of core samples were determined
using ASTM D2216–10 (2010) on 40–80 g of sediment col-
lected from each sample bag. The ρd values of core samples
were determined using ASTM D7263–09 Method A (2009).
Measurements were only performed on samples that remained
sufficiently intact to form a >20-g clump and were dipped in
liquid paraffin wax (density = 0.85 g/cm3). Subsequently, the
total porosities (nT) of core samples were estimated using the
measured ρd values and an assumed particle density (Sg; 2.7 g/
cm3) similar to ASTM D7263–09 Appendix X1 (2009).

Electrical resistivity tomography

An electrical resistivity tomography (ERT) survey was con-
ducted along three 400–800-m-long profiles (Fig. 2b). For
each line, minimum electrode intervals of either 5 m or 10 m
were used resulting in a maximum depth of investigation of
either 60 or 120 m bgs, respectively. Raw data were recorded
with an ABEM Terrameter LS system using a modified gra-
dient array configuration (Zonge et al. 2005). The datasets

were processed using commercially available RES2DINV to-
mography software, which is based on an iterative,
smoothness-constrained least squares inversion algorithm
(Loke and Dahlin 2002). Subsurface features, in particular
the overburden-bedrock contact, were mapped by correlating
drilling logs with structures identified in the ERT sections
using Mira GOCAD software (Mira Geosciences Ltd. 2009).

Discharge measurements at groundwater springs
and the rock drain

Discharge measurements from groundwater springs and
drainage culverts proximal to springs (Fig. 2b) were made
multiple times each year using a bucket and stopwatch.
Visual inspection of the springs on a bimonthly (fall and win-
ter) and biweekly (spring and summer) basis allowed annual
maximum and minimum flow rates to be determined. A flume
constructed from PVC was used to capture and direct water
toward a 19-L bucket.

Discharge measurements were conducted at the rock-drain
culvert outlet (Fig. 2b) by McMaster University (e.g., Shatilla
2013) and Teck Resources Ltd. personnel using a SonTek
Flowtracker and the velocity-area stream gauging method to
develop a stage-discharge rating curve. This rating curve was
then applied to the water-level measurements made using the
levelogger to estimate discharge in 15-min intervals. Water-
level measurements were obtained using a submerged Solinst
3001 Levelogger Edge pressure transducer. A Solinst 3001
Barologger Edge was installed in an enclosure adjacent to
the culvert outlet to record BP to subtract from total pressure
readings of the Levelogger.

Air temperature and precipitation

A meteorological station recorded air temperatures and pre-
cipitation at the southernmost extent of the waste rock dump
on a flat revegetated site at 1,803 m asl (Fig. 2a). Rainfall was
recorded every 30 min using a Campbell Scientific CS700
tipping bucket rain gauge. A Geonor T-200B all-weather pre-
cipitation weighing gauge recorded total precipitation (i.e.,
rainfall + snowfall) every 30 min. Annual precipitation esti-
mates for the 2013 (October 1, 2012 to September 30, 2013)
and 2014 (October 1, 2013 to September 30, 2014) hydrolog-
ical years were determined based on a combination of Geonor
weighing gauge (snowfall) and tipping bucket rain gauge
(rainfall) data.

3H/3He groundwater sampling and analysis

Samples for 3H/3He were collected at three monitoring wells
in August 2013. Tritium samples (3H) were collected using a
Geotech SS Geosub electric pump following a method similar
to Gardner and Solomon (2009). Helium-3 samples (3He)
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were collected in situ using a passive diffusion sampler made
from a refrigeration grade copper tube attached to a semi-
permeable membrane. A full description of the 3H/3He sam-
pling method is provided in Appendix A in the electronic
supplementary materials (ESM). The 3H/3He samples were
analyzed by the Dissolved Gas Service Center Laboratory,
University of Utah.

Results and discussion

Unconsolidated overburden sediment geology

Three major lithologic units were identified during drilling of
the unconsolidated overburden sediments (8–53-m thick):
glacio-fluvial, glacio-lacustrine, and glacial till. Soil textures
ranged from poorly sorted sandy-silt to well-sorted gravel ma-
terials based on drill logs and particle size analyses of core
samples (n = 125). Soil textures changed abruptly with depth
in individual boreholes and horizontally between adjacent
boreholes. The drill logs (simplified according to major divi-
sions of the United Soil Classification System) and results of
particle size analyses at boreholes nests 12-06 and 12-07 are
presented in Fig. S1 of the electronic supplementary material
(ESM).

The glacio-fluvial sediments were the dominant overbur-
den lithology and present as numerous subsurface
paleochannels evidenced by high resistivity regions
(>500 Ωm) in the ERT surveys (denoted by Bp^ and shown
from a 3-D perspective in Fig. S2 of the ESM). These obser-
vations are consistent with a depositional environment of
braided streams depositing substantial bedload at the lower
end of the catchment’s fluvial plain. Gravel-sized particles
comprised as much as 84% of the core samples at some depths
(borehole 12-11; Table 1; Fig. 2b). Their presence is consis-
tent with the transport of large sediment loads by streams
receiving meltwater from both advancing and retreating gla-
ciers that commonly produce braided streams (Rosenshein
1988). Coarse-grained sediments containing cobbles and
boulders (observed in drill core) are also consistent with ice-
contact deposits reflecting the late glacial history of the
catchment.

A fine-grained sediment interval consisting of clay and silt
was encountered at depths ranging from 4 to 15 m bgs at the
upper elevation borehole nests (i.e., 12-06, 12-07, 12-09, and
12-10; Table 1; Fig. 2b). This interval was described as a
medium-to-highly plastic clay to silty-clay unit of glacio-
lacustrine origin. Laminations observed within this layer in
both drill core and field reconnaissance of access road-cuts
are evidence that this unit is of lacustrine origin (De Geer
1912). The presence of lacustrine sediments suggests that
there was a relatively quiescent depositional period at the

study site, likely as a result of outflow from the catchment
being restricted due to the outlet being dammed.

A poorly sorted sediment interval was observed near the
base of boreholes 12-06, 12-11, and 12-12 (Table 1; Fig. 2b)
and was interpreted as a basal till. Glacial tills are commonly
encountered in valleys formed by glaciers. The glacial till was
laterally discontinuous. The absence of till from some bore-
holes is in keeping with the cut and fill nature of the valley
overburden, which is narrower than the overall valley and
produced by glacial advancement and retreat (Jorgensen and
Sandersen 2006). These cut and fill structures can produce
truncated facies associations and complex fill successions that
can be difficult to correlate (Russell et al. 2004). A discrete
layer of clays and silts was occasionally encountered directly
above the overburden-bedrock contact, separating the two
lithologies.

The mean nT (±SD) values of glacio-fluvial, glacio-lacus-
trine, and glacial till sediments were determined fromω and ρd
measurements (data not presented) to be 26 ± 6% (n = 67),
38 ± 5% (n = 15), and 33 ± 6% (n = 37), respectively. The nT
values of the glacio-lacustrine sediments were significantly
greater than for the glacio-fluvial sediments. Notably, howev-
er, the fine-grained units were better represented because of
the greater number of intact cores (i.e., >20-g clumps) avail-
able for the more cohesive glacio-lacustrine deposits. The
mean nT of all core samples from the overburden deposits
was 30 ± 7% (n = 125, range 16–49%).

Bedrock geology

Bedrock outcrops were examined along the eastern edge of
the valley at 1,490 m asl and along the western edge at 1,507–
1,514 m asl (identified in excavations during AWTF landfill
construction). The outcrops were massive black, brown, and
grey siltstone with brittle fractured zones and the occasional
brown and oxidized sand interval. The drill core was of me-
dium to high density, varying from brown to black with indi-
cations of weathering and fractures up to 18 m below the
overburden–bedrock contact. These descriptions are consis-
tent with the Fernie Formation, which is marine-deposited
shale, siltstone, and sandstone(Golder Geotechnical
Consultants (now Golder Associates Ltd.) 1979). Limited
geotechnical analyses of drill core from the shale bedrock
suggest an nT (n = 4) of 20 ± 4%, respectively. The estimate
of nT for the shale samples was the lowest of all the measured
geologic units.

The elevation of the bedrock surface was defined using
drilling logs and the two bedrock outcrop areas. The topog-
raphy of the bedrock surface was developed by integrating
these known elevations with the bedrock horizon interpreted
on the ERT surveys (Fig. 3; Fig. S2 of the ESM). Bedrock
was encountered in drill holes between 1,479 m asl in the
NW (12-09c) and 1,416 m asl in the SE (12-11) (Table 1;
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Fig. 2b; Fig. 3). The ERT surveys defined the overburden-
bedrock contact by a change from moderate resistivities
(generally greater than 300 Ωm) to an underlying bedrock
layer associated with low resistivities that are generally less
than 200Ωm(Fig. S2 of theESM). The bedrock contact from
the ERTsurvey was as deep as 64 m bgs in the middle of the
valley (see profile ERT-E in Fig. S2 of the ESM) and
shallower on the sides of the valley. The bedrock surface also
had a general dip towards the southeast. The U-shaped mor-
phology of the valley is characteristic of glaciated montane
valleys in the Western Cordillera (Heusser 1956).

Hydraulic testing

The estimated K values from the overburden monitoring wells
ranged over more than two orders of magnitude (1.1 × 10−4 to
1.2 × 10−6 m/s) with a geometric mean of 3.4 × 10−5 m/s
(n = 6; Table 2). These values might be an underestimation
of the bulk K because the screened intervals of some monitor-
ing wells were partially filled with fine-grained sediments
(i.e., ‘silted in’; well 12-12) or had a broken well screen (well
12-09c; Table 1; Fig. 2b). The presence of these partially
obstructed well screen intervals was attributed to poor well
development, where pumping at high rates caused fine-
grained sediments to migrate from the formation to the well
(Driscoll 1986). In the case of a partially obstructed well
screen, the unobstructed screen length was used to calculate
K. Measurements of K in the AWTF wells ranged from
2 × 10−5 to 4 × 10−7 m/s (SRK Consulting Inc. 2013), sug-
gesting the K in the overburden might range over more than
three orders of magnitude across the study area. The large

variability of K reflects the heterogeneous texture of these
overburden deposits.

The values forK in the two monitoring wells constructed in
the bedrock were 1.4 × 10−8 and 7.6 × 10−8 m/s (Table 2). The
estimated K value for 12-10c (Table 1; Fig. 2b) was consid-
ered less accurate because the screen interval was almost
completely obstructed with fine-grained sediment. The mea-
sured K values are only representative of the upper weathered
portion of the bedrock. Based on the relatively low estimates
of K in the fractured bedrock compared with the overburden
aquifers, the groundwater residence times in this unit are likely
much greater than in the overlying overburden.

Hydraulic heads and rock drain flow

Seasonal variations in hydraulic head in the saturated overbur-
den and fractured bedrock are shown in Fig. 4. Hydraulic head
measurements showed a strong seasonal response to spring
freshet in late May (up to 10.1 m), when mean daily air tem-
peratures exceeded 0 °C, and also during large summer rain-
fall events. Flow in the rock drain also increased during the
freshet and remained high (above base flow levels) throughout
most of the summer; the peak discharge of up to 0.5 m3/s
occurred in May–June and winter base flow was generally
<0.05 m3/s. The rise in hydraulic heads in the wells was nearly
coincident with the increase in flow from the rock drain, and
the peak hydraulic heads occurred 5–13 days after maximum
rock drain flow.

A 3- to 24-m thick unconfined aquifer was present above
the low-K bedrock contact (8–53 m bgs) in the gravel
paleochannels and glacial till sediments. This basal alluvial

Fig. 3 Map of bedrock-
overburden interface: a 4-m
elevation contours (m asl) of the
bedrock surface and b 10-m depth
contours (m bgs) to top of
bedrock (beneath overburden
sediments). Also shown are
boreholes drilled as part of the
current study (red squares),
boreholes (five) drilled as part of
the active water treatment facility
technical study (green diamonds),
and bedrock outcrops (white
crosses). Note: Cross sections A–
A′ and B–B′ (black lines) are
presented in Figs. S3 and S4 of
the ESM
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aquifer was overlain by a thick unsaturated zone (7–45 m
bgs). The greatest annual ranges in hydraulic head (9.4 and
10.1 m) were measured in the deep wells (12-09c, 12-10b;
Table 1; Fig. 2b) located in the thalweg of the U-shaped bed-
rock surface. The mean saturated thickness of the aquifer,
defined using water levels and the mapped bedrock surface,

was 12.4 and 10.0 m in wells 12-09c and 12-10b, respectively,
increasing to a thickness of 22.9 m in the downgradient direc-
tion toward Line Creek (well 12-12; Table 1; Fig. 2b; Fig. S3
of the ESM). The saturated thickness thinned along the eastern
periphery of the valley and the annual range in hydraulic head
decreased to <1.6 m at well 12-07c (hydraulic head range of

Fig. 4 Summary of climate,
groundwater hydraulic, and rock
drain discharge data: a air
temperature (solid line) and daily
total precipitation (i.e., snowfall +
rainfall; blue vertical bars); b
hydrographs from the basal
alluvial aquifer (black), perched
aquifer (red), the bedrock
formation (grey) shown with text
(underlined with the
corresponding color for perched
and bedrock aquifer hydrographs)
presenting the depth of the bottom
of the screen intake zone (m bgs),
with the dashed horizontal line
indicating the intake elevation of
the drainage culvert; and c rock
drain discharge data. General
note: Well 12-04 is located south
of the study site in the AWTF area

Table 2 Summary of results from rising head tests estimating the hydraulic conductivities (K) of monitoring wells with completely submerged
screened intervals

Borehole Kmin (m/s) Kmax (m/s) Kmean (m/s) Geology Comments

LCO-WLC-12-06a 1.0 × 10−4 1.2 × 10−4 1.1 × 10−4 Overburden –

LCO-WLC-12-09b 1.1 × 10−6 1.4 × 10−6 1.2 × 10−6 Overburden –

LCO-WLC-12-09c 5.9 × 10−5 9.2 × 10−5 7.5 × 10−5 Overburden Broken well screen

LCO-WLC-12-10b 2.7 × 10−4 2.8 × 10−4 2.8 × 10−4 Overburden –

LCO-WLC-12-11 N 1.2 × 10−4 1.6 × 10−4 1.3 × 10−4 Overburden –

LCO-WLC-12-12 3.7 × 10−6 4.7 × 10−6 4.3 × 10−6 Overburden Screened interval partially ‘silted in’

LCO-WLC-12-10c 6.9 × 10−8 8.2 × 10−8 7.6 × 10−8 Bedrock Screened interval completely ‘silted in’

LCO-WLC-12-06c 1.1 × 10−8 1.6 × 10−8 1.4 × 10−8 Bedrock –
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1,482.3–1,480.7 m asl; Table 1; Figs. 2b and 4). Well 12-07c
was dry for 8–9 months each year beginning in late summer.
These observations suggest the vertical and lateral extent of
the basal alluvial aquifer (i.e., the extent of saturated geologic
materials) was controlled by the concave upward bedrock sur-
face as well as the input of water following spring freshet and
rainfall events.

A water-table contour map showing hydraulic head con-
tours was generated for the basal alluvial aquifer using mean
hydraulic heads measured in six wells (i.e., 12-07c, 12-09b,
12-09c, 12-10b, 12-11, and 12-12) and a well screened above
the bedrock contact in the AWTF area, the Line Creek stream
elevation, and the overburden-bedrock contact (Fig. 5). These
seven wells represented continuously saturated locations with-
in the basal alluvial aquifer. No notable differences in the
distribution of equipotential lines were observed between

plots based on mean values or seasonal measurements (data
not presented). The water table sloped toward Line Creek in a
SSE direction and in the same direction as the slope of the
bedrock surface. The water-level map also illustrated the po-
tential for a lateral component of groundwater from the valley
walls inwards toward the thalweg of the bedrock surface and
then longitudinally along the thalweg toward Line Creek. The
dominant groundwater flow direction along the thalweg (Fig.
5) aligned with a groundwater discharge zone identified in
Line Creek by Birkham et al. (2014) using a distributed tem-
perature sensing system placed on the stream bed. Based on
this conceptualization, the dominant lateral hydraulic gradient
was determined to be along the thalweg of the bedrock surface
between wells 12-09c and 12-10b (Table 1; Fig. 2b). The
maximum, minimum, and mean lateral hydraulic gradients
between these wells were 0.12, 0.09, and 0.11, respectively.
These values were consistent with the average slope of the
valley and the mapped bedrock surface of approximately
0.12; however, the lateral hydraulic gradient decreased to ap-
proximately 0.06 near the discharge area near Line Creek (i.e.,
between 12-10b and 12-11 or 12-12; Table 1; Fig. 2b), where
the saturated thickness of the basal alluvial aquifer increased.

Downward vertical hydraulic gradients were measured in
the basal alluvial aquifer at every well nest (i.e., 12-07, 12-09,
and 12-10; Table 1; Fig. 2b). At nest 12-07, vertical hydraulic
gradients near unity were recorded between the overburden
and bedrock, suggesting the basal alluvial aquifer was perched
atop the low-K bedrock at this location, albeit for only 3–
4 months/year when the overburden well contained water
(12-07c). At nests 12–09 and 12-10, confining layers locally
separated the basal alluvial aquifer into two zones (i.e., a lower
confined zone and an upper unconfined zone) or separated the
basal alluvial aquifer from the underlying bedrock aquifer.
The hydraulic gradients across the 2-m thick silty-clay confin-
ing layer at nest 12-09 ranged from 0.07 to 0.26 in a down-
ward direction (between wells 12-09c and 12-09b). At nest
12-10, downward hydraulic gradients ranging from 0.02 to
0.22 were measured across the sandy-silt confining layer from
the overburden (well 12-10b) to the underlying bedrock (well
12-10c); however, groundwater flow across these confining
layers at nests 12-09 and 12-10 (Fig. S3 of the ESM) is
expected to be minimal when compared to flows within the
coarse-grained basal alluvial aquifer. A lack of vertical
groundwater flow was also supported by differences in the
major ion composition of groundwater samples from the
deeper wells 12-09b (overburden; confined) and 12-10c (bed-
rock; confined) and the overlying wells 12-09c and 12-10b
(overburden; unconfined), which had (Na++K+)/(CO3

2

− + HCO3
−)-type and Ca2+/(CO3

2− + HCO3
−)-type waters, re-

spectively (Szmigielski 2015).
Hydraulic heads measured in shallow monitoring wells 12-

06a and 12-09d (Table 1; Fig. 2b) ranged from 1,497 to
1,506 m asl and 1,515 to 1,518 m asl, respectively, and

Fig. 5 Depth to bedrock map (m bgs) and contours of the annual mean
hydraulic head values (white dotted line; m asl) for the basal alluvial
aquifer. Contours were constructed using six wells in this study (red
squares) and one well drilled as part of the active water treatment
facility technical study (green diamond), surface-water elevations
(blue), and the interpretation of bedrock topography on groundwater
flow (bedrock outcrops shown with white crosses). The dominant
conceptual groundwater flow path (blue arrow) toward the Line Creek
discharge zone (black cross) is shown
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represented perched aquifer conditions (Fig. 4). These saturat-
ed zones formed on a shallow confining layer comprised of
glacio-lacustrine deposits (4–15 m bgs) overlying the basal
alluvial aquifer. The similar elevation of the rock drain culvert
intake (approximately 1,500 m asl; Fig. 4) and the hydraulic
heads in the perched aquifer wells suggest the rock drain and
perched aquifer were hydraulically connected. The basal allu-
vial aquifer, at the scale of the fluvial plain, did not appear to
be directly connected with the rock drain or perched aquifer
although the similar timing of peak flow and maximum
groundwater levels suggest a connection farther upgradient,
possibly within the waste rock. In natural disconnected
groundwater systems, the stream affects groundwater primar-
ily through streambed seepage (Brunner et al. 2011; Vazquez-
Sune et al. 2007); a similar mechanism is proposed between
the rock drain (and perched aquifer) and the basal alluvial
aquifer at the scale of the fluvial plain.

The perched aquifer well 12-06a had water present with-
in it throughout the year. This well, located at the toe of the
waste rock dump near the rock drain culvert inlet, had a
large (9.4 m) range in hydraulic head values (1,496.8–
1,506.2 m asl) similar to the wells in the basal alluvial
aquifer. Perched conditions in well 12-09d, located further
from the rock drain culvert inlet than well 12-06a, were
observed for only 2–3 months/year. This well also had a
smaller (<3.5 m) annual range in hydraulic head (1,514.5–
1,518.0 m asl). The different head dynamics between these
two wells is attributed to processes associated with flow in
the rock drain (discussed further in section BGroundwater
recharge dynamics and the impact of the waste rock
dump on catchment scale hydrological processes^).
Additional studies to confirm the groundwater dynamics
of the perched aquifer system are warranted.

Discharge from the perched aquifer occurred at
groundwater springs located along the steep SE slope of
the catchment (Fig. 2b). The groundwater springs ranged
in elevations from 1,448 to 1,473 m asl. The majority of
groundwater springs flowed for only 2–3 months/year fol-
lowing spring freshet. However, a few springs located
between 1,453 and 1,461 m asl had greater flow rates
(up to 0.0031 m3/s) and flowed most of the year. These
major springs are expected to represent the perched aqui-
fer observed in shallow groundwater wells. Lithological
logs from these wells show only a single interval of fine-
grained sediment (i.e., confining layer), suggesting that
the remaining springs that flow periodically may represent
secondary localized perched aquifers formed on multiple
discontinuous confining layers. Based on the observed
groundwater dynamics at perched aquifer wells (e.g. 12-
09d) and the measured flow rates at the springs, the
groundwater flow in the perched aquifer was inferred to
be a minor component of the bulk groundwater flow from
the catchment.

Quantifying groundwater flow in the basal alluvial
aquifer

The total discharge from the basal alluvial aquifer (Q) was
estimated using Darcy’s Law, the geometric mean K from all
sampling locations in the overburden aquifers (3.4 × 10−5 m/
s), the mean lateral hydraulic gradient (0.11), and the saturated
cross sectional area for the basal alluvial aquifer through time
(defined using hydraulic head values and the mapped overbur-
den–bedrock contact; approximately 3,500 m2). The Q over
the 2-year study period ranged from 0.011 m3/s in the winter
to 0.021 m3/s in the spring, with an average of 0.013 m3/s.

The total discharge from the basin through the rock drain in
2013 and 2014 was 2.61 and 2.23 Mm3/year, respectively.
Based on the average Q, groundwater accounted for approxi-
mately 15% of the discharge from the basin (Q plus rock drain
flow and assuming the contribution from the shallow fractured
bedrock and perched aquifer are negligible) over the 2 years of
study. If K values representing 1SD of the geometric mean K
(3.85 × 10−6 and 3.00 × 10−4 m/s) are used to calculate Q, it
could range from 0.0014 to 0.11 m3/s or < 2 to 60% of the total
water discharged from the basin.

The mean groundwater velocity (v) was calculated to be
1.2 × 10−5 m/s (1.1 m/day) using the arithmetic mean nT from
all core samples from the overburden sediments (0.30) and the
parameters used to calculateQ over the 2-year period as afore-
mentioned. This yielded a travel time of 2 years for ground-
water to flow from the toe of the waste rock dump to the Line
Creek discharge zone defined by Birkham et al. (2014), a
distance of approximately 650 m. This estimated residence
time is consistent with 3He/3H groundwater ages (±age error)
from three groundwater samples: 0.8 ± 0.5, 1.2 ± 0.5, and
2.8 ± 0.7 years for samples collected from 12-09c, 12-11,
and 12-12, respectively (Table 1; Fig. 2b).

Groundwater recharge dynamics and the impact
of the waste rock dump on catchment scale
hydrological processes

The impacts of the waste rock dump on water release from the
catchment (i.e., through groundwater and the rock drain) were
explored in two steps. First, the hydrological response timing
of groundwater and the rock drain to spring freshet was eval-
uated. Second, the statistical relationship between groundwa-
ter levels and rock-drain-flow hydrographs was defined.

Groundwater hydrograph responses demonstrated that
shallow groundwater in the fluvial plain (< 12 m bgs)
responded sooner to spring freshet (March–April) than deeper
groundwater and the rock drain (Fig. 6). This is attributed to
local recharge resulting from earlier snowmelt at lower eleva-
tions, which appears more pronounced near the dump (i.e., 12-
06a and 12-09d) than at greater distances (e.g., well 12-04 in
the AWTF area; Fig. 4); for example, lower elevation
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snowmelt caused a large water-level increase (+ 1.6 m) in well
12-06a between March 16 and April 1, 2014 but water levels
in shallow wells at greater distances from the dump, the rock
drain flow rate, and deeper groundwater levels remained un-
changed. The lack of response by deep groundwater and the
rock drain demonstrates that early season snowmelt likely has
a limited impact on catchment-scale hydrological processes.
Further, the water storage threshold of the shallow zone (i.e.,
unsaturated and saturated, <12 m bgs) is more easily exceeded
than other components of the hydrologic system (e.g., deep
groundwater).

The relationship between groundwater levels and rock
drain flow was explored to assess groundwater recharge dy-
namics using the timing of recharge events and the time lags
associated with these events in the overburden aquifers.
Relationships were examined by using hysteresis plots and
cross-correlation. The hysteresis plots compared groundwater
level and rock drain flow (log-scale) each day over the two
hydrological years for monitoring locations with sufficiently

complete datasets. Cross correlation was conducted with the
same representative monitoring location hydrographs using
the cross correlation function (CCF) in the R statistics pro-
gram (R Development Core Team 2006). These data were
used to demonstrate the degree of fidelity between the two
variables and the correlation between two variables at specific
time lags (Allen et al. 2010).

The relationship between groundwater levels and rock
drain flow was hysteretic, demonstrating that the dominant
hydrological processes differed between the annual recharge
and recession periods (Fig. 7). This loop structure, attributed
to the time delay between changes in water level and changes
in rock drain flow, is generally consistent with other
snowmelt-driven groundwater systems that are unaffected by
mining in BC (cf. Allen et al. 2010). The hysteresis pattern in
the late spring and summer in the perched aquifer is counter-
clockwise year-to-year and is consistent with that of the basal
aquifer. However, marked irregularities exist in the perched
aquifer for the remainder of the year (Fig. 7a). An atypical

Fig. 6 Groundwater responses to
the spring-freshet in 2014: a air
temperatures (solid line) and daily
total rainfall (blue vertical bars); b
hydrographs from the basal
alluvial aquifer (black), perched
aquifer (red), the bedrock
formation (grey) shown with text
(underlined with the
corresponding color for perched
and bedrock aquifer hydrographs)
presenting the depth of the bottom
of the screen intake zone (m bgs);
and c surface-water flow in the
rock drain
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clockwise loop structure is noted in the early spring (March–
April) and also during late summer (2014) and early fall
(2013) rainfall events. These events produced large water-
level responses in shallow groundwater (<12 m bgs), demon-
strating that the water storage threshold in the shallow aquifers
is more easily exceeded regardless of timing within the reces-
sion period of the annual hydrograph. Fovet et al. (2015) show
that the non-linear relation between groundwater levels and
stream flow in catchments results from the manifestation of
storage thresholds occurring in the catchment runoff
processes.

Based on the hysteresis plots, it appears that secondary
hydrological processes at the local scale serve to
desynchronize shallow groundwater levels in the perched
aquifer from the rock drain. This is supported by cross corre-
lation of representative hydrographs, which demonstrate that
the greatest waveform synchronicity between groundwater
and the rock drain occurs in progressively deeper overburden
wells (i.e., basal alluvial aquifer; data not presented)—for ex-
ample, the strongest waveform fidelity (R2 = 0.90) occurs
between the rock drain and well 12-10b (170 m from subsur-
face intake of the culvert and mid-screen depth of 45.7 m bgs;
Table 1; Fig. 2b) hydrographs when a lag time of 9 days was

applied to the well hydrograph (Fig. 4). This strong correlation
could suggest a connection between the basal alluvial aquifer
and rock drain upgradient of the study site (i.e., beneath the
waste rock dump). A connection is also supported by the
similar water type of the basal aquifer at certain locations
(e.g., wells 12-10b, 12-11, and 12-12) and the rock drain
[Mg2+(Ca2+)/(SO4

2−) type water] (Szmigielski 2015).
Although the timing of spring freshet across the catchment

and similar water types at certain locations may suggest there
is some connection between the rock drain and deeper ground-
water, observations from rainfall events suggest that ground-
water recharge occurs primarily as direct recharge (i.e., wide-
spread percolation of precipitation directly to the aquifers) as
opposed to indirect recharge via the rock drain. Several large
rainfall events (with known water inputs) in 2013 (June 18–
20) and 2014 (June 16–18 and September 2–3) produced
marked responses in deep groundwater located below thick
unsaturated profiles and in the rock drain (Figs. 4 and 6).
Observations of the groundwater level changes highlights that
the magnitude and timing of the groundwater response was
consistent with a rise in water level governed by specific yield
and a delay due to propagation of the pressure wave associated
with the recharging water across the unsaturated zone. The

Fig. 7 Hysteresis plots of depth to
water level in the perched aquifer
well a 12-06a and the basal
alluvial aquifer wells b 12-10b
and c 12-09c plotted vs. rock
drain flow (log scale). Results are
divided into Fall (October–
December), Winter (January–
March), Spring (April–June), and
Summer (July–September) for the
2013 and 2014 hydrological years
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magnitude of the groundwater level rise was consistent with
the observed magnitudes of the rainfall events for a specific
yield in the range of 0.01–0.13 as per the water-table fluctua-
tion method (Healy and Cook 2002). This range of specific
yield is consistent with the minimum values for materials
ranging from fine sand and to coarse gravel (0.10–0.12) as
reported by Johnson (1967). Further, the time delay in the
deep groundwater level responses to the rainfall events was
consistent with estimates of the velocity of an infiltration front
as described by Smith (1993), in which the magnitude of the
increase in volumetric water content was in the range of 0.01–
0.03. These observations support the suggestion that although
the average water levels within the basal aquifer are due to the
lateral transmission of groundwater from upstream of the
study area towards Line Creek, the dynamics in the water
levels are most likely due to the dynamics in local recharge
over the study site as a result of rainfall or snowmelt infiltra-
tion. Allen et al. (2010) state that aquifer-stream systems that
are snowmelt-dominated (i.e., nival regimes) and direct re-
charge-driven, are common in upland areas of southeastern
BC.

A detailed interpretation of the impact of the dump on
hydrological processes was undertaken by Villeneuve et al.
(2017) using valley wide annual water balances. The evalua-
tion conducted in this study suggests the historic stream (and
current rock drain) is predominately a ‘losing’ stream in the
fluvial sediments. The interaction between the shallow
groundwater system and the rock drain is supported by several
observations. These include the fact that the rock drain pro-
duced the large seasonal variations in water levels in the
perched aquifer (12-06a) directly at the toe of the dump
(9.4 m; 1,496.8–1,506.2 m asl) and that the continuously sat-
urated conditions at well 12-06a were not observed in the
other perched aquifer wells (i.e., 12-09d and AWTF 12–04;
Table 1; Figs. 2b and 4) or in the discontinuous outflows from
perched aquifer groundwater springs (discussed in section
BHydraulic heads and rock drain flow^). Furthermore, an in-
teraction between the shallow groundwater flow system and
the rock drain is consistent with the similarity of the major ion
composition of water in well 12-06a and the rock drain
[Mg2+(Ca2+)/(SO4

2−) type water] vs. shallow groundwater
further from the dump (e.g., AWTF 12–04; Ca2+/(CO3

2

− + HCO3
−) water type; Fig. 4 (Szmigielski 2015)).

Summary and conclusions

The hydrogeology of a stratigraphically complex valley-
bottom groundwater system in a 10-km2 headwater catchment
covered by 2.7 km2 of coal waste rock was characterized using
lithologies, nT, hydraulic gradients, K, and seasonal responses
of rock drain discharge and groundwater levels to the local
hydroclimate. The valley-bottom sediments were composed

of glacial and melt water successions (up to 64 m thick) depos-
ited as a series of cut and fill structures in a U-shaped valley.
Groundwater discharge from the catchment to Line Creek was
dominated by flow from a high-K (3.4 × 10−5 m/s) unconfined
aquifer at the base of the unconsolidated overburden sediments
(i.e., the basal alluvial aquifer), with its lower boundary formed
by the underlying low-K (3.3 × 10−8 m/s) shale of the Fernie
Formation. Discharge through the basal alluvial aquifer dou-
bled in response to spring freshet and the saturated thickness
varied by up to 10.4 m annually due to focused flow in the
thalweg of the bedrock surface. Aminor component of outflow
from the catchment occurred in a perched aquifer unit formed
on shallow fine-grained glacio-lacustrine sediments (5–15 m
bgs). Data suggest the perched aquifer and rock drain are not
hydraulically connectedwith the underlying basal alluvial aqui-
fer. Residence time in the basal alluvial aquifer across the 650-
m flow path from the toe of the dump to a discharge point at
Line Creek is rapid (<3 years). The basal alluvial aquifer
discharged approximately 15% of the total water from the
catchment over the 2-year study period.

Based on groundwater level and rock drain flow responses
to hydroclimate, the rock drain-groundwater system is defined
by a seasonal response to snowmelt (nival regime) dominated
by direct recharge across the catchment. The basal alluvial
aquifer water-level map and bedrock topography suggest lon-
gitudinal (down-valley) and lateral (cross-valley) groundwater
recharge mechanisms. The water-level dynamics (shown on
hysteresis plot) of the perched aquifer in proximity to the
waste rock dump appear to be impacted by rock drain-
groundwater interaction. Although additional quantification
is required, the waste rock dump appears to increase the dis-
charge through the shallow perched aquifer.
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