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a b s t r a c t
Long term (1999 to 2014) ﬂow and water quality data from a rock drain located at the base of a coal waste rock
dump constructed in the Elk Valley, British Columbia was used to characterize the release of three solutes (NO−
3 ,
Cl− and SO2−
4 ) from the dump and obtain whole dump estimates of net percolation (NP). The concentrations of
dump derived solutes in the rock drain water were diluted by snowmelt waters from the adjacent natural watershed during the spring freshet and reached a maximum concentration during the winter baseﬂow period. Histor−
ical peak baseﬂow concentrations of conservative ions (NO−
3 and Cl ) increased until 2006/07 after which they
decreased. This decrease was attributed to completion of the ﬂushing of the ﬁrst pore volume of water stored
−
concentrations increased proportionally with NO−
within the dump. The baseﬂow SO2−
4
3 and Cl to 2007, but
−
then continued to slowly increase as NO−
3 and Cl concentrations decreased. This was attributed to ongoing production of SO2−
4 due to oxidation of sulﬁde minerals within the dump. Based on partitioning of the annual volume
of water discharged from the rock drain to waste rock efﬂuent (NP) and water entering the rock drain laterally
from the natural watershed, the mean NP values were estimated to be 446 ± 50 mm/a (area normalized net percolation/year) for the dump and 172 ± 71 mm/a for the natural watershed. The difference was attributed to
greater rates of recharge in the dump from summer precipitation compared to the natural watershed where rainfall interception and enhanced evapotranspiration will increase water losses. These estimates included water
moving through subsurface pathways. However, given the limitations in quantifying these ﬂows the estimated
NP rates for both the natural watershed and the waste rock dump are considered to be low, and could be
much higher (e.g. ~450 mm/a and ~800 mm/a).
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
The global production of coal in 2013 reached 7823 M tonnes; coal
generates N 40% of the global electricity needs and is used in the production of over 70% of the world's steel (World Coal Association, 2014).
Surface mining of coal has increased globally over the last 30 years. In
mountainous regions this can involve the removal of hundreds of
meters of overburden which is then placed in adjacent valleys (Palmer
et al., 2010). Fragmentation by blasting and exposure of previously saturated overburden to atmospheric conditions through dump placement
results in accelerated weathering of the waste rock (Dang et al., 2002;
Lindberg et al., 2011; Evans et al., 2014). When waste rock contains sulﬁde minerals such as pyrite, these activities result in oxidation of the pyrite and the release of chemical constituents of interest (CI) to receiving
groundwaters and surface waters (Lindberg et al., 2011; Grifﬁth et al.,
2012; Younger, 2004; Nordstrom, 2011). For example, this oxidation
and buffering by carbonate minerals can release sulfate (SO2−
4 ), calcium
(Ca2+), magnesium (Mg2+), bicarbonate (HCO−
3 ) and associated trace
elements such as selenium (Se), iron (Fe), aluminum (Al), arsenic
(As), zinc (Zn), and cadmium (Cd) (Cravotta, 2008; Grifﬁth et al.,
2012; Lindberg et al., 2011; Biswas et al., 2017; Essilﬁe-Dughan et al.,
2017; Hendry et al., 2015). Nitrate (NO−
3 ) from explosives used in mining can also be ﬂushed from the waste rock dump and enter downgradient receiving waters (Mahmood et al., 2017). Other watersoluble compounds (e.g. NaCl, KCl, CaCl2) in overburden or coal may
be solubilized by water ﬂowing through the waste rock (Yudovich and
Ketris, 2006). Thus, chloride (Cl−) can also occur at relatively elevated
levels in dump efﬂuent (Grifﬁth et al., 2012).
The impact of CI release from coal dumps on receiving surface waters
is well documented in the literature. Electrical conductivity (as a measure of Total Dissolved Solids), Se, SO2−
4 , and other element concentrations have been observed to increase in receiving rivers and streams in
proportion to upstream dump volume and the areal extent of mining
(Lindberg et al., 2011; Bernhardt et al., 2012; Cormier et al., 2013; Hopkins et al., 2013; Ross et al., 2016). The release of CIs has been linked to
increasing water salinization and aquatic life degradation (Palmer et al.,
2010; Lindberg et al., 2011; Bernhardt et al., 2012). While a few studies
show increased electrical conductivity and solute concentrations may
last for decades (Lindberg et al., 2011; Evans et al., 2014), an understanding of the evolution of water and chemical releases from fullscale dumps over large spatial and long-time scales is lacking.
Canada is one of the top ten steelmaking coal producers in the world,
generating 34 M tonnes in 2013 (World Coal Association, 2014). The
mines located along the Elk Valley (Fig. 1) in the Eastern Kootenay
coal district of southeastern British Columbia (BC) are a major source
of steelmaking coal in Canada (Teck Resources Limited, 2015). Largescale, open-pit mining in the Elk Valley commenced in the late 1960s
(Lussier et al., 2003; Kinnear, 2012). Teck Resources Limited (Teck) produced 26.7 M tonnes of coal from its Canadian operations in 2014 (Teck
Resources Limited, 2015) and as of 2010, approximately 4700 M bank
cubic meters (BCM) of waste rock was stored in dumps in the Elk
River Valley (Teck Resources Limited, 2014). The Elk River watershed
drains 4450 km2 of the Rocky Mountains to the Kootenay River/Lake
Koocanusa, 20 km north of the United States-Canada border (Swain,
2007). Long-term water quality monitoring of the Elk River has shown
that Se concentrations increased in proportion to increasing waste
rock volumes, and are regularly above the British Columbia aquatic life
2−
guidelines (Teck Resources Limited, 2014). As of 2009, NO−
3 and SO4
were also increasing at a rapid rate (Dessouki and Ryan, 2010).
A multi-disciplinary research and development program was initiated by Teck in 2012 to investigate the inﬂuence of surface coal mining on
2−
the fate and transport of solutes (speciﬁcally Se, NO−
3 , SO4 , Cd) from
dumps in the Elk Valley. Recent geochemical studies characterized the
Se, As, Fe, and S in Elk Valley dumps and showed that these solutes
are associated with the oxidation of primary sulﬁdes (Biswas et al.,
2017; Essilﬁe-Dughan et al., 2017; Hendry et al., 2015). Mahmood

et al. (2017) used NO−
3 data collected from multiple sources (i.e. preand fresh-blast rock, core data, humidity cells and full-scale leach
pads) to characterize the source (i.e. blasting), distribution and leaching
of NO−
3 from Elk Valley waste rock. The objectives of the current study
−
were to characterize the release of water and three solutes (NO−
3 , Cl
and SO2−
)
from
an
Elk
Valley
dump
using
long-term
water
monitoring
4
data from a rock drain. A rock drain is a rubble zone of segregated cobbles and boulders at the base of a dump which provides a high hydraulic
conductivity pathway for water movement (Morin et al., 1991). The
chronology of dump placement (e.g. historical dump volumes and
areas) were linked to monitored rock drain ﬂow and chemistry. In contrast to laboratory and smaller ﬁeld-scale methods which can be subject
to scaling factor problems (Malmström et al., 2000; Kempton, 2012),
the use of historic ﬂow and chemistry data for the rock drain provides
an integrated response for the entire dump. Results of the current
study show that this approach has the potential to be used to characterize solute release and net percolation (NP) estimates from dumps in
other regions where long-term rock drain data exists.
2. Materials and methods
2.1. Study site
Teck has ﬁve open-pit mining operations in the Elk Valley: Coal
Mountain Operations (CMO), Elkview Operations (EVO), Line Creek Operations (LCO), Greenhills Operations (GHO), and Fording River Operations (FRO) (Fig. 1). The site for this study was the West Line Creek
(WLC) watershed and dump at LCO. The WLC watershed is approximately 10 km2 in area and ranges in elevation from 1450 m above sea
level (masl) at the outlet to 2650 masl on the western edge along the
Witsukitsak range (Shatilla, 2013). The western ﬂank of the watershed
consists of ﬁve alpine cirques formed between limestone and sandstone
peaks. The cirques drain along a series of ephemeral streams that ﬂow
within colluvial deposits towards the pre-disturbance West Line Creek
in the valley bottom (Fig. 2; Golder Associates Ltd., 1979). Most of the
water movement within the unaffected catchment, with the exception
of intermittent surface ﬂows during heavy rain and snowmelt, occurs
within the shallow groundwater system (Golder Associates Ltd., 1979;
AMEC, 2013). Drainage from the western natural watershed is eventually expressed as surface ﬂows in West Line Creek (pre-development)
or ﬂows into the rock drain (post-development) and eventually discharges at the southern end of the watershed. The unconsolidated overburden deposits in the valley bottom at the southern end of the
watershed can reach a thickness of 64 m, and were deposited primarily
by glacio-ﬂuvial processes (i.e. braided river) separated by intervals of
glacio-lacustrine and till deposition (Szmigielski, 2015).
The region has a humid continental climate with low relative humidity and highly variable precipitation and temperature. Mean annual
precipitation at Sparwood, BC (Fig. 1; ~23 km south of WLC; Environment Canada, 1981–2010 Climate Normal, elevation: 1138 m) is
613 mm with ~ 67% falling as rain. The mean annual temperature at
Sparwood is 4.4 °C, ranging between mean monthly temperatures during the summer of 10° to 15 °C and winter from −4° to −7 °C. Based on
a local annual temperature and precipitation lapse rate of approximately −0.48 °C/100 m and +21 mm/100 m (Barbour et al., 2016); mean
annual precipitation for the WLC dump ranges from 689 to 823 mm
and mean annual temperature from 2.7 to −0.4 °C.
The WLC dump covers approximately 2.7 km2 (27%) of the watershed and runs along the eastern ﬂank, extending from the northern
most extent of the watershed to within 0.5 km of the southern end
where the rock drain and creek ﬂow into Line Creek (Fig. 2). Dumping
at WLC began at the south end in 1981, with a ﬁnal waste rock volume
in 2011 of 2.1 × 108 BCM. The dump has surface elevations ranging from
1500 masl in the south to ~2155 masl in the north, a maximum dump
thickness of ~ 255 m, and an average thickness of ~ 115 m. The waste
rock consists primarily of mudstone and siltstone interburden and
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Fig. 1. Location map of the Elk River Valley, British Columbia, Canada, and regional coal mining operations (FRO, GHO, LCO, EVO, CMO). The LCO mine was the study site. The limits of the
Elk River watershed boundary are delineated with a solid white line; the watercourses and lakes are indicated in blue; highways are indicated by red lines and numbers in yellow ovals.

thin, unminable coal seams of the Mist Mountain Formation (Lussier
et al., 2003). The bulk mineralogy of the waste rock is dominated
by quartz, clays (illite, chlorite and kaolinite) and the carbonate minerals siderite, calcite, dolomite, and ankerite (Lussier et al., 2003;
Essilﬁe-Dughan et al., 2017). A rock drain collects water draining
through the dump and acts as a conduit for water moving laterally
into the dump from adjoining natural watersheds whose surface drainage intersects the waste rock (Lighthall et al., 1985). At the WLC dump,
the rock drain is believed to have formed over the pre-disturbance West
Line Creek. Water discharging from the downstream end of the rock
drain is conducted along both a surface creek (seasonal) and a constructed underground culvert to a monitoring point ~ 270 m downstream of the southern extent of the dump (Fig. 2).
Szmigielski (2015) established that a groundwater ﬂow system exists within alluvial sediments at the south end of the WLC valley. The
groundwater ﬂow system is down gradient of the WLC dump and is
comprised of an upper perched aquifer underlain by a ﬁne textured
aquitard and a second unconﬁned aquifer comprised of coarse alluvial
sediments and the weathered bedrock surface. The migration of solutes
from the dump in the groundwater system was primarily through this

lower unconﬁned aquifer. The residence times for groundwater travelling from the toe of the dump towards Line Creek was determined
using 3He/3H sampling and was found to be b3 a. The chemistry of the
alluvial aquifer showed a strong seasonal cycle of dump efﬂuent diluted
in the spring by snowmelt from the natural watershed. Szmigielski et al.
(2017) used a geometric mean hydraulic conductivity (K) of the alluvial
aquifer along with observed hydraulic gradients to estimate a mean annual discharge (October 2012–September 2014) through the aquifer of
approximately 0.41 × 106 m3/a [41 mm/a distributed over the entire
watershed area]. Increasing and decreasing the K by one standard deviation about the geometric mean resulted in a mean annual discharge
range of 0.045 × 106 to 3.6 × 106 m3/a [4.5 to 360 mm/a]. These discharge estimates equal b 2 to 60% of the total water discharged from
the catchment over the 2-year study period (Szmigielski et al., 2017).
2.2. Rock drain sampling and analyses
Water samples for chemical analysis and discharge measurements
were collected from the WLC rock drain sampling point (Fig. 2). Teck
−
has collected monthly samples for NO−
since 2004
3 since 2000, Cl
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Fig. 2. Map of WLC watershed at the LCO mine, historical waste rock dump footprints, waste rock borehole locations (labeled), alluvium boreholes, and the location of the rock drain
sampling point. Note: 2013 orthophoto used for the background.

and SO2−
since 2005. Beginning in 2010, samples were collected on a
4
weekly (March to August) or monthly (September to February) basis.
Additional samples were collected by the University of Saskatchewan
(UofS) on a daily basis from July to August (2012), on a weekly basis
from September to October (2012) and May to August/September
(2013–2015), and on a monthly basis from October to April (2013–
2015). Teck samples for inorganic ions were analyzed by ion chromatography with conductivity and/or UV detection according to a method
adapted from APHA Method 4110 (1999) and Hautman and Munch
(1997). Anions were determined by ﬁltering the sample through a
0.45 μm membrane ﬁlter and injecting the ﬁltrate onto a Dionex IonPac
AG17 anion exchange column with a hydroxide eluent stream. Total
metals analysis on samples was performed by digesting with nitric

and hydrochloric acids, and analyzing by CRC ICPMS according to a
method modiﬁed from Martin et al. (1994) and EPA 6020A (1998).
UofS samples for anions and cations were collected in 20 mL scintillation vials and ﬁltered to 0.45 μm. The cation vials were acidiﬁed with
0.027 g of H2SO4 to lower the pH below 2. Samples for total elemental
analyses by inductively-coupled mass spectroscopy (ICP-MS) were collected in 30 mL LDPE bottles, ﬁltered to 45 μm, and preserved with
0.86 g of HNO3. All water samples were transported to University of Saskatchewan laboratories in chilled, dark coolers. Anion analyses were
performed as described in Hautman and Munch (1997) using a Dionex
IC25 ion chromatograph coupled to a Dionex As50 Autosampler. Cation
analyses were performed according to ASTM D6919-09 (2009) using a
Metrohm 861 Advanced Compact Ion Chromatograph coupled to a
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Metrohm 868 Advanced Sample Processor. ICP-MS analyses of water
samples was performed on a Perkin Elmer NexION300D ICP-MS.
Discharge measurements for the combined ﬂow from the creek and
rock drain were initiated in November 2009 using an instream bubbler
installed at a concrete weir. Historical discharge measurements from
WLC (January 1999 to November 2009) were estimated based on the
observed relationship between the post-2009 ﬂows from WLC and the
Line Creek ﬂows measured at a gauging station (Government of
Canada Water Ofﬁce Station 08NK022), 5.5 km southwest of the WLC
rock drain sampling point. A linear regression between the daily ﬂows
for the rock drain (Q-WLC) and Line Creek (Q-LC) was developed using
the data from November 2009 to December 2014 (Q-WLC = Q-LC ∗
0.0223 + 0.177; r2 = 0.8; n = 1998). Linear regressions for lower ﬂow
years (2010/11: Q-WLC = Q-LC ∗ 0.0134 + 0.0256; r2 = 0.87; n =
687) and a higher ﬂow year (2012: Q-WLC = Q-LC ∗ 0.0282 + 0.0141;
r2 = 0.92; n = 373) were also obtained and used to estimate pre-2009
ﬂow data from yearly ﬂow at Line Creek. If the maximum ﬂow rate at
Line Creek during the estimated year was below 13 m3/s, the 2010/11 regression was used, and if the maximum ﬂow was above 13 m3/s, the 2012
regression was used.
2.3. Dump footprint and thickness
Historical dump footprints were obtained using airphoto imagery
(1987, 1990, 1994, 1998, 2003, 2005, 2008, and 2011). These airphotos
were imported into a GIS (geographic information system; ArcMap
10.5) program, georeferenced to modern satellite imagery and the outlines traced for footprint and area. The current dump footprint (2012)
was obtained using an orthophoto from 2013. Dump areas in between
these years were interpolated. Dump thickness was estimated for
1990 and 2005 from four cross-sections through the dump created by
determining the pre-disturbance elevation of the traced toe and
projecting that up at 36–37°, a common slope of Teck dumps. The
waste rock thicknesses for the dump in 2011 and 2012 were obtained
as the difference between LiDAR obtained digital elevation models of
the study area in 2011 and 2012 and pre-disturbance (1978) topography from the Canadian National Topographic Database. Yearly waste
rock volumes from 1981 to 2011 were provided by Teck.
3. Results and discussion
3.1. Dump footprints, volumes and thicknesses
Historic dump footprints are shown in Fig. 2, thicknesses in Fig. 3,
and footprint area estimates and reported volumes in Fig. 4a. These
data suggest three stages in the evolution of the dump footprint: 1) a
linear increase in area with time (average of 0.14 km2/a) from 1981 to
1998; 2) followed by decreasing rates of areal expansion (average of
0.05 km2/a) between 1998 and 2003; and 3) relatively constant dump
area (average increase in area of 0.007 km2/a) from 2003 to 2014. The
increase in waste rock volume closely follows the increase in area to
1996, with a relatively constant average dump thickness of ~ 100 m
(Fig. 4a) from 1985 onwards. Dump thickness was estimated using
the volume in BCM, assuming a bulking factor of 1.25 (Teck Resources
Limited, 2011) from the bank to the dump, and the footprint areas. Unfortunately, no information on waste rock placed from 1999 to 2003
was available, however, the continued increase in area from the orthoimagery suggests waste rock was added to the dump during this time
period. No waste rock was placed from 2004 to 2008. While additional
waste rock was added to the dump in 2010 and 2011, the area remained
unchanged, indicating waste was added within the existing footprint of
the dump (Fig. 3c, d). The average thickness of the dump in 1990 and
2005 was ~ 100 m and 92 m, respectively, with maximum thicknesses
of ~ 190 m, and ~ 200 m (estimated from BCM/area and crosssections). The average dump thickness in 2011 and 2012 was 109 m
and 115 m, respectively, with maximum thicknesses of 233 m and
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255 m, respectively (calculated from LiDAR and pre-disturbance topography). The dump areas in 2005, 2011, and 2012 were very similar (2.6–
2.7 km2), but the dump was thicker in 2011 and 2012 than in 2005, particularly along the central axis of the dump where the waste rock added
to the pile in 2010 and 2011 was placed.
3.2. Hydrologic cycle, chemistry and water balance
3.2.1. Rock drain ﬂow
Flow measured at the terminus of the rock drain is a combination of
water moving through the dump and water ﬂowing laterally beneath
the dump from the natural areas in the watershed (Fig. 2). Flow rates
at the rock drain show considerable seasonal variability. The rock
drain hydrograph shows pronounced peak ﬂow during the spring freshet followed by much lower winter baseﬂows (see Fig. S1 in Supplemental Information [SI]). Annual rock drain discharge, peak and average
January/February baseﬂow rates from 1999 to 2014 water years (October 1st to September 30st) are presented in Table 1. The annual ﬂow
volumes [normalized by watershed area] from the WLC rock drain
from 1999 to 2014 ranged from a minimum of 1.2 × 106 m3 [124 mm]
in 2001 to a maximum of 3 × 106 m3 [296 mm] in 2012 (mean 2
× 106 ± standard deviation (SD) 5.2 × 105 m3 [204 ± SD 52 mm]).
The annual ﬂow rate ranged from 0.039 to 0.094 m3/s [0.34 to
0.81 mm/d] (mean 0.065 ± SD 0.016 m3/s [0.56 mm/d]). Peak ﬂow during spring freshet was variable (range: 0.1 to 0.52 m3/s [0.85 to
4.46 mm/d], mean 0.3 ± SD 0.15 m3/s [2.59 mm/d]) while mean January/February baseﬂow was less variable (range: 0.027 to 0.040 m3/s
[0.24 to 0.35 mm/d], mean: 0.033 ± SD 0.004 m3/s [0.28 mm/d]).
Baseﬂow in mountainous areas is the fraction of stream ﬂow attributed to groundwater and other delayed releases (Tallaksen, 1995). The
storage and release of large volumes of water from surﬁcial sediments
can have a large impact on baseﬂow (Paznekas and Hayashi, 2015;
Hood and Hayashi, 2015; Clow et al., 2003). At surface coal mines in
the eastern USA, Evans et al. (2015) concluded that high inﬁltration
rates and lower evapotranspiration (ET) rates at watersheds affected
by older mine waste may have increased hydrologic storage compared
to unmined watersheds. In a West Virginia mountainous watershed
impacted by coal mining, Zegre et al. (2014) showed peak ﬂow and
variability decreased while baseﬂow increased over three decades.
This was attributed to water storage and discharge from valley ﬁlls
(dumps) and deep mines. Waste rock dumps in British Columbia are
composed of a wide range of material, from silty/sandy gravels to cobbles and boulder material free of sands and gravels (Smith et al.,
1995). Barbour et al. (2016) found that the particle sizes for core samples collected through the WLC dump had ~ 44% and ~ 50% gravel and
sand size fractions, respectively. While the core samples do not include
larger particles that cannot be captured by the core barrel, the results
are consistent with other Elk Valley dumps (Barbour et al., 2016). The
deep unsaturated zone formed by this waste can store large volumes
of water, which results in greater delays and dampening of the rate of
water release from peak recharge events (i.e. snow melt or summer
storms) in comparison to unmined watersheds.
In a paired catchment study comparing the adjacent Dry Creek
(unimpacted) and WLC watersheds, Shatilla (2013) noted that WLC
had attenuated ﬂow peaks with substantial lags in response to snowmelt and rain events. Shatilla (2013) also observed that the isotopic signature of the WLC rock drain water was more enriched in heavy
isotopes than Dry Creek. The authors suggested that more summer recharge occurs over the relatively bare dump and subsequently reports
to the stream as baseﬂow, than in the forested Dry Creek watershed. A
similar observation was made by Barbour et al. (2016) based on a comparison of the isotopic composition of porewater from within the dump
to that in the WLC rock drain. In addition, Barbour et al. (2016) observed
a seasonal pattern in the rock drain isotopes and TDS concentrations,
with greatest δ18O and TDS values occurring during the low ﬂow (i.e.
baseﬂow) winter months. These seasonal trends are interpreted to be
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Fig. 3. LCO-WLC dump footprint and thickness for a) 1990, b) 2005, c) 2011 and d) 2012. Note: 2013 orthophoto used for the background. Waste rock borehole locations are labeled in a).
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a result of greater relative contributions of water to the rock drain from
the dump during the winter than during the spring/summer when
dump efﬂuent is mixed with ﬂow from the natural watershed. Using
isotopic proﬁles through the WLC dump, Barbour et al. (2016) also
established that matrix ﬂow was the dominant ﬂow and transport
mechanism resulting in strong dampening of ﬂows and relatively
steady rates of water release (baseﬂow) to the rock drain.
In order to examine the impact of physiographic factors on baseﬂow,
Paznekas and Hayashi (2015) developed a winter ﬂow index (WFI). The
WFI is a ratio of watershed area normalized long-term January/February
winter ﬂow (QWF) to mean annual ﬂow (Q mean). While Q mean reﬂects
the effects of climate, the ratio of QWF to Q mean allows the examination
of other physiographic factors affecting baseﬂow (i.e. topography, elevation, geology, soil cover, surﬁcial sediments). Higher values of WFI indicate a greater percentage of baseﬂow to total annual ﬂow.
The annual QWF, Q mean and WFI for WLC from 1999 to 2014 are presented in Table 1. The WFI ranges between 0.33 and 0.72 with a mean of
0.50. The WFI was lower in higher discharge years (e.g. 2002, 2012) and
higher in lower discharge years (e.g. 2000, 2010). The WLC mean (red
circle, Fig. S2 in SI) is twice the mean WFI for nine other Elk Valley watersheds (0.23 for 1970–2010) and the Line Creek watershed (0.26 for
1972 to 2014), into which WLC ﬂows (black circles, Fig. S2 in SI). It is
also considerably higher than the mean WFI (0.16) for 18 watersheds
in the Rocky and Columbia Mountain Ranges, Canada, investigated by
Paznekas and Hayashi (2015) (grey squares, Fig. S2 in SI). The ratios obtained by Paznekas and Hayashi (2015) ranged between 0.07 and 0.28,
with the greatest ratios observed from Elk Valley watersheds. While the
physiographic differences between the Elk Valley watersheds and WLC
have not been fully explored, a likely contribution to the differences in
WFI is that approximately one third of the area of WLC is covered by a
dump. The high storage capacity of the dump and the greater summer
recharge into the dump resulting in higher annual baseﬂows.
3.2.2. Rock drain chemistry
−
NO−
and SO2−
concentrations measured from the rock drain
3 , Cl
4
−
are shown in Fig. 4b, c and d, respectively. The mean NO−
3 -N, Cl and
2−
SO4 concentrations for all samples were 27 mg/L (range 6.4 to
56 mg/L; n = 319), 3.8 mg/L (range 0.4 to 8 mg/L; n = 242) and
823 mg/L (range 64 to 1340 mg/L; n = 254), respectively. The lowest
concentrations were typically measured during spring freshet and summer months (higher ﬂows) and the highest concentrations during winter baseﬂow months (Fig. 5a) when discharge to the rock drain is
dominated by dump efﬂuent. The yearly mean January to March
(baseﬂow) solute concentrations are also shown in Fig. 4b, c and d (yellow diamonds) and highlight the change in efﬂuent concentration when
there is little to no dilution from the adjacent watershed. These
concentration-time plots provide information on the relationship between solutes and the volume, area or thickness of the waste rock.
Mahmood et al. (2017) used stable isotopes of N and O in NO−
3 and
gas concentration data to show that NO−
3 in the dump was introduced
through blasting and that it acts as a conservative solute within the
dump (i.e. does not undergo denitriﬁcation and is not sorbed). Based
on these ﬁndings, if no new waste rock is added to the dump, there is
−
no additional source of NO−
3 and the NO3 concentrations in the
baseﬂow should be initially elevated and subsequently decrease with
time as the NO−
3 is ﬂushed from the dump. These two patterns are ob−
served in the NO−
3 data from the rock drain. The rise in NO3 baseﬂow
concentrations parallels the increase in waste rock area and volume
(Fig. 4b). However, the peak NO−
3 baseﬂow concentration begins to decrease 8 years (in 2007) after the rate of areal expansion of the WLC
dump started to decline (~1999).
This time lag is consistent with one estimated from a high efﬁciency
ﬂushing (i.e. matrix ﬂow and piston displacement) of the NO−
3 by water
migration through the dump. Barbour et al. (2016) estimated recharge
rates through the WLC dump, based on stable isotope of water proﬁles
(range of 400–800 mm/a) and winter baseﬂow rates from the rock
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drain (range of 460–580 mm/a). If the average volumetric water content of waste rock is 0.08 (Barbour et al., 2016) then it would take approximately 10–20 years for water to migrate through a 100 m high
dump (average dump thickness from 1983 to 1998). The average placement age of the dump, assuming a constant dump thickness of 100 m as
the dump area expanded from 1982 to 1998, would be approximately
1990. Assuming it takes 10 to 20 years to ﬂush the ﬁrst pore volume
from the dump, ﬂushing would be complete between 2000 and 2010,
similar to the observed onset of the decrease in NO−
3 concentrations in
the rock drain in 2007.
These calculations highlight that the peak NO−
3 baseﬂow concentrations (i.e. 56 mg/L) represent a mixture of fresh efﬂuent from waste rock
placed after 1990 and efﬂuent from waste rock placed prior to 1990
where the latter experienced at least one pore-volume of ﬂushing. For
example, assuming half of the area of the dump was fully ﬂushed by
2007, and the initial NO−
3 concentration within the dump was uniform,
the average initial NO−
3 concentration of waste rock prior to ﬂushing
would be at least 2× the measured peak value; more if the ﬂushing efﬁciency was less than that assumed by piston type displacements. This
statement is consistent with ﬁndings of Mahmood et al. (2017) who calculated NO−
3 porewater concentrations (using the aqueous leach method) on core samples collected from boreholes through the WLC dump
(locations on Fig. 2). They determined that older waste rock (N 40 m
below surface) had a lower median NO−
3 -N concentration of 7.3 mg/L
(n = 27) than overlying younger waste rock (b40 m below surface)
that had a higher median concentration of 65.6 mg/L (n = 58). They
also determined that freshly blasted waste rock had an even higher median concentration of 227 mg/L (n = 36).
Given the large range of uncertainties associated with the assumptions above (e.g. rate of water migration, leaching efﬁciency, dump homogeneity, variability in the use of blasting practices/products, etc.) and
the complexity associated with the dump chronology (placement,
thickness and timing) these estimates of ﬂushing can only be considered illustrative. For example, the dump is not of a uniform thickness
(Fig. 3), but rather is thicker along the central axis and thinner at its
margins. The thinner ﬂanks of the dump would require less time to
ﬂush than the thicker zones along the central axis. In addition, the
waste rock was not all placed at one time, followed by ﬂushing, but rather was added annually, increasing the thickness in some areas, while not
in others. Precipitation would inﬁltrate every year, beginning the ﬂushing process, with new material added on top introducing fresh solutes.
As such, the baseﬂow rock drain NO−
3 concentrations are an integration
of the porewater draining from the different areas, ages, and thicknesses
of waste rock.
The other conservative species in the waste rock efﬂuent is Cl−. Con−
sistent with NO−
concentration in baseﬂow (Fig. 4c) has
3 , the Cl
dropped since 2006/07. Although the time series for Cl− is shorter
−
−
than for NO−
3 , the time history for Cl is similar to NO3 with peak concentrations occurring around 2006/2007. The source is possibly from
coal and overburden. Elk Valley coal has a mean Cl− concentration of
49.5 mg/kg (Goodarzi et al., 2009) and nine samples from the WLC
dump had coal amounts ranging between 1% and 8% (Barbour et al.,
2016). If present in water soluble forms, this ﬁnite source of Cl− can
be ﬂushed from the dump in a similar manner to NO−
3 .
−
2−
As with NO−
3 and Cl concentration histories, yearly baseﬂow SO4
concentrations parallel the increase in waste rock area and volume dur−
ing early years of dumping. However; unlike NO−
3 and Cl , the concentrations of SO24 − do not decrease after 2007 but rather appear to
continue to rise slowly. This pattern of SO24 − release is attributed to
the ongoing production of SO24 − through the oxidation of pyrite and
sphalerite (Hendry et al., 2015). Essilﬁe-Dughan et al. (2017) determined that sulfur (S) is present in the waste rock as primary sulﬁde
minerals (pyrite, chalcopyrite and sphalerite), organics, and barite.
The elevated concentration of SO2−
4 in waste rock porewater, calculated
mineral saturation indices, and the presence of secondary Fe
oxyhydroxide rims on the pyrite indicate the source of dissolved SO2−
4
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−
2−
Fig. 4. a) Cumulative waste rock area (footprint), cumulative waste rock volumes, waste thickness and annual rock drain ﬂow; b) NO−
measured rock drain
3 -N, c) Cl and d) SO4
concentrations for the period of record. Yellow diamonds on b) c) and d) are mean yearly January to March (baseﬂow) solute concentrations.

in the dump is sulﬁde oxidation (Essilﬁe-Dughan et al., 2017). High concentrations of Ca2+ and Mg2+ obtained from waste rock porewater support the existence of carbonate dissolution following pyrite oxidation
(Biswas et al., 2017). Based on geochemical modelling of porewater

and rock drain water samples and mineralogical analyses, EssilﬁeDughan et al. (2017) determined that there are no mineralogical controls on the solubility of SO2−
in the dump or in the rock drain water.
4
As such, SO2−
is considered a conservative species once produced in
4

Table 1
1999–2014 annual rock drain discharge (water years October to September), alluvial aquifer discharge, peak rock drain ﬂow, mean January/February baseﬂow, QWF (mean January/February ﬂow), Q mean (mean annual ﬂow) and WFI (Q mean/QWF).
Year

Annual rock
drain
discharge
(m3)

Annual rock
drain
discharge
(mm)

Annual alluvial
aquifer
discharge
(m3)

Annual alluvial
aquifer
discharge
(mm)

Peak rock
drain ﬂow
(m3/s)

Peak rock
drain ﬂow
(mm/d)

Average Jan–Feb
rock drain base
ﬂow (m3/s)

Average Jan–Feb
rock drain base
ﬂow (mm/d)

QWF
(mm/d)

Q mean
(mm/d)

WFI
(QWF/Q mean)

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
Mean
STD

2.2E+06
1.6E+06
1.2E+06
2.5E+06
2.1E+06
1.6E+06
1.9E+06
2.6E+06
2.4E+06
1.6E+06
1.4E+06
1.7E+06
1.8E+06
3.0E+06
2.8E+06
2.2E+06
2.0.E+06
5.2.E+05

224
162
124
248
211
156
188
265
240
165
140
168
177
296
276
221
204
52

3.9E+05
3.8E+05
3.4E+05
3.9E+05
3.8E+05
3.8E+05
3.9E+05
4.1E+05
4.0E+05
3.7E+05
3.6E+05
3.7E+05
3.8E+05
4.0E+05
4.1E+05
4.0E+05
3.8.E+05
1.8.E+04

39
38
34
39
38
38
39
41
40
37
36
37
38
40
41
40
38
2

0.46
0.16
0.10
0.52
0.42
0.10
0.20
0.44
0.41
0.20
0.14
0.19
0.21
0.49
0.47
0.30
0.30
0.15

3.95
1.36
0.87
4.46
3.65
0.85
1.69
3.80
3.58
1.70
1.20
1.63
1.85
4.20
4.05
2.59
2.59
1.32

0.027
0.036
0.032
0.029
0.027
0.034
0.037
0.040
0.031
0.033
0.032
0.034
0.029
0.031
0.040
0.031
0.033
0.004

0.24
0.31
0.28
0.25
0.23
0.29
0.32
0.35
0.26
0.28
0.28
0.30
0.25
0.27
0.35
0.27
0.28
0.03

0.24
0.31
0.28
0.25
0.23
0.29
0.32
0.35
0.26
0.28
0.28
0.30
0.25
0.27
0.35
0.27
0.28
0.03

0.61
0.44
0.34
0.68
0.58
0.43
0.52
0.73
0.66
0.45
0.38
0.46
0.49
0.81
0.76
0.61
0.56
0.14

0.42
0.55
0.50
0.45
0.41
0.52
0.57
0.62
0.47
0.50
0.49
0.53
0.45
0.49
0.62
0.48
0.50
0.06

Note: Rock drain ﬂow and discharge from January 1999–November 2009 are estimated from the regressions with Line Creek gauging station.
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−
2−
Fig. 5. Concentration-discharge (C-Q) plots for NO−
3 -N, Cl and SO4 for the WLC rock drain on a) arithmetic axes; and b) on logarithmic axes (log-log slope of −1 is shown by the grey line).

the dump. This would mean that if the rates of oxidation and the rates of
ﬂushing were relatively constant that the concentrations of SO2−
4 in the
waste rock efﬂuent would remain fairly constant.
Essilﬁe-Dughan et al. (2017) obtained SO2−
porewater concentra4
tions using the squeezing method on samples collected from the same
boreholes as Mahmood et al. (2017) (locations on Fig. 2). All of the
waste rock analyzed was placed in the dump between 1991 and 1994
and had a median SO2−
concentration of 796 (n = 36) and 611 mg/L
4
(n = 5) for LCO-WLC-12-05a&b and LCO-WLC-12-02a, respectively.
−
Since SO2−
4 does not ﬂush out in the same manner as NO3 but continues
to be released through oxidation, the porewater concentrations likely
do not vary as much with waste rock age. The peak SO2−
4 baseﬂow concentrations (i.e. ~ 1300 mg/L) measured at the rock drain are higher
than the median porewater concentration obtained by Essilﬁe-Dughan
et al. (2017). This suggests that some portions of the dump have higher
porewater concentrations than the median measured by EssilﬁeDughan et al. (2017) with the rock drain again acting to mix the various
efﬂuent concentrations.
3.2.3. Concentration-discharge plots
Concentration-discharge (C-Q) plots of the three solutes for all years
of available data are plotted on arithmetic axes in Fig. 5a. The considerable scatter in the plots is attributed to the long time frame over which
these data were obtained (e.g. 2000–2014), during which time, concentrations changed. The relationship between concentration and rock
drain discharge are complex and exhibit hysteresis with time (Fig. 5a).
−
2−
The hysteretic loops in the NO−
C-Q plots are similar;
3 , Cl , and SO4
with higher concentrations on the rising limb (spring) as ﬂow increases
and lower concentrations on the falling limb (summer-fall). These data
suggest a rapid delivery of readily available solutes to the rock drain
followed by mixing and depletion (Scanlon et al., 2001; Shatilla,
2013). The shape and rotation of hysteretic patterns can be used to evaluate sources using the component hydrograph concept, where solute
chemistry is the product of water mixing from chemically distinct
sources (Evans and Davies, 1998; Chanat et al., 2002; Murphy et al.,
2012). Evans and Davies (1998) suggest that different arrival times of
source waters result in six characteristic hysteretic loops described by

a three-component system (i.e. groundwater, soil water, and surface
event water) or a two-component system (i.e. pre-event and event
water). In the case of the WLC rock drain, the hysteretic loops for NO−
3 ,
Cl− and SO2−
4 can be explained using a two component system: efﬂuent
from the dump and fresh water from the natural portion of the watershed. The highest concentration of these ions occurs during the winter
baseﬂow months, when most of the water reaching the rock drain is derived from the dump. With the onset of snowmelt and the spring freshet,
this higher concentration source is diluted with water ﬂowing beneath
the dump from the adjacent natural watershed. The higher concentrations on the rising limb than on the falling limb suggest mobilization of
readily available, stored, solutes from the dump at the onset of the
freshet, with more relative dilution from the natural watershed on the
falling limb. The two components of ﬂow to the rock drain are shown
conceptually in Fig. 6. Discharge from the dump (Fig. 6A) is collected by
the connected rubble zone at the base of the dump and combined with
runoff from the adjacent natural watershed during heavy rain and
snowmelt (Fig. 6C). The hydraulic conductivity of the waste rock is high
(e.g. 1 × 10−04 to 1 × 10−06 m/s) and consequently runoff from the
dump is assumed to be negligible. Surface ponding is only observed on
ﬂat areas which have accumulated ﬁnes or have been compacted as a result of equipment operation.
Log transformed C-Q plots (Fig. 5b) allowed further analyses of the
hydrochemistry of the rock drain. The exponent of the power law relationship (i.e. C = aQb) or the slope of the linear C-Q relationship on the
log-log plots has a physical explanation (Godsey et al., 2009). A slope of
−1 indicates that concentrations vary inversely with discharge, whereby constant ﬂuxes of solutes are diluted by variable water ﬂuxes. A slope
of zero indicates that the concentrations do not change with discharge
(i.e. ideal chemostatic behavior) (Godsey et al., 2009). The slope on
−
the log C-log Q plots for NO−
and SO24 − range between − 0.48
3 , Cl
and −0.61. This indicates that while the general pattern of dilution is
occurring, it does not fully explain the pattern of the C-Q plots. Although
the two component mixing system explains the overall pattern, the relationship is complicated by non-linearity in the timing and delivery of
water from the natural watershed and the dump, and by changes in efﬂuent chemistry with time. During low ﬂow conditions, the porewater
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Fig. 6. Conceptual model of ﬂowpaths through a WLC watershed cross-section: A) matrix dominated net percolation through waste rock, B) net percolation of natural watershed,
C) natural runoff during heavy rain and snowmelt that ﬂows into side of waste rock, to the rock drain, D) shallow groundwater ﬂow, E) rock drain ﬂow along pre-existing West Line
Creek, F) groundwater ﬂow through alluvial aquifer and G) deep groundwater drainage.

stored within the lower portion of the dump contains higher concentrations representative of efﬂuent. However, during high ﬂow conditions
from the natural watershed (i.e. spring snowmelt and summer rainfall),
the higher water levels at the base of the dump mix with not only the
porewater discharged from the dump but will also ﬂush out additional
solutes that were stored within the depth of waste rock cover by the rising water table. This additional mass release results in the decrease of
the slope on the log transformed C-Q plots through solute mobilization.
For example, during the highest average ﬂow month of June, if all
baseﬂow contribution to the rock drain (mean 0.032 m3/s =
~86,000 m3) has a SO2−
concentration of 1200 mg/L and all additional
4
ﬂow from the natural watershed (June 2010–2014 mean 0.24 m3/s =
~622,000 m3, minus baseﬂow = ~540,000 m3) has a SO2−
concentra4
tion of ~ 10 mg/L (Dry Creek; Shatilla, 2013), straight dilution and
mixing would result in a rock drain concentration of 174 mg/L. The average 2010–2014 June rock drain concentration is ~400 mg/L. If the porosity of the dump is 0.24 and the volumetric water content is 0.08
(Barbour et al., 2016), the water level would only need to rise ~ 0.1 m
into the dump (assuming the water level rises evenly across the full
base of the 2.7 km2 dump) to ﬂush out sufﬁcient additional stored
mass to obtain the measured rock drain concentrations. Pooling of
water along the edge of the dump has been observed during high ﬂow
conditions (Sean Carey, personal communication) and is direct evidence of rising water levels within the waste rock.
3.2.4. Waste rock and natural watershed NP estimates
The NP into the WLC dump and natural watershed were estimated
using the measured and calculated discharge from the rock drain from
1999 to 2014 (Table 1, Section 3.2). The total annual discharge at the
rock drain was ﬁrst proportioned to dump baseﬂow and natural watershed components. The annual dump baseﬂow rate was assumed to be

the same as the mean January to February ﬂow from the rock drain,
when the solute concentrations are the highest. Conceptually, this assumes that during baseﬂow conditions any groundwater ﬂow from
the natural watershed remains below the dump and the surface expression of the rock drain outﬂow. It was also assumed that this baseﬂow
represented ﬂow through the dump in the previous year (e.g. baseﬂow
estimated from January to February 2001 gives a baseﬂow for water
year-2000). The natural watershed component was estimated as the
annual ﬂow reporting to the rock drain minus the dump baseﬂow
component. During non-baseﬂow conditions, any excess water is thus
assumed to be draining from the natural watershed into the side
of the dump ultimately ﬂowing to the rock drain monitoring point
(Fig. 6C).
The contribution to groundwater from each of these water sources
was based on estimates of the total alluvial aquifer discharge from the
WLC valley (Fig. 6F) from Szmigielski (2015) and Szmigielski et al.
(2017) as discussed earlier. The relationship between rock drain ﬂow
and alluvial aquifer discharge to Line Creek based on these estimates
is provided in Fig. S3 of the SI. This relationship was used with rock
drain discharge measurements to obtain discharge volumes for the
alluvial aquifer (1999–2014; Table 1). The annual alluvial aquifer discharge to Line Creek averaged 3.8 × 105 m3 [38 mm], ranging between
4.1 × 105 m3 [41 mm] during higher precipitation years (e.g. 2013)
and 3.4 × 105 m3 [34 mm] during lower precipitation years (e.g. 2001).
To apportion the estimates of alluvial aquifer discharge to the dump
−
2−
and natural watershed the concentrations of NO−
3 , Cl and SO4 in four
groundwater wells installed in the alluvial aquifer down gradient of the
dump (see Fig. 2 for well locations) were compared to the mean January
to March baseﬂow concentrations from the rock drain. Assuming dump
efﬂuent to be the only source of solutes and the mixing of water from
the dump and natural watershed, about 70% of the total alluvial aquifer
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discharge was attributed to the natural watershed with the remainder
derived from the dump.
The combined rock drain and alluvial aquifer discharge volumes divided by the contributing area (dump and natural watershed area that
varied every year, see Fig. 4a) provide estimates of NP in mm/a. This discussion of NP estimates from rock drain ﬂow rates is provided in the SI
with accompanying equations. The estimated yearly NP values are compared to total yearly WLC precipitation (calculated for mid-dump elevation of 1900 m from Sparwood data) in Fig. 7. The NP for the dump
ranged from 378 to 537 mm/a (mean 446 ± 50 mm/a). In contrast,
the variability in the NP of the natural watershed was greater than for
the waste rock, ranging from 60 to 306 mm/a (mean 172 ±
71 mm/a). It is important to note that these NP estimates are likely conservative, having been based on the geometric mean K of the alluvial
aquifer, and assuming the only groundwater ﬂow is within the lower
unconﬁned alluvial aquifer. If baseﬂow is not all derived from dump efﬂuent, as assumed for the above estimates, the NP will decrease for the
dump and increase for the natural watershed. For example, Table 2 lists
the estimated NPs if baseﬂow contribution from the dump is reduced to
75% and 50% with the balance attributed to the natural watershed. Alternatively, an Elk Valley WFI value of 0.25 was also used to calculate
natural water watershed contribution to baseﬂow and estimate NP
(Table 2).
The higher NP for the dump, in all but the 50% case (Table 2), would
be a reﬂection of the increased percolation into the dump compared to
the undisturbed vegetated portion of the natural watershed during the
summer when rainfall interception and enhanced evapotranspiration
decreases NP. While approximately 45% of the natural watershed is vegetated, most (~90%) of the dump surface remains un-vegetated. The average 1999–2014 precipitation for the WLC watershed is 793 mm/a (for
1900 m elevation). If ~450 mm/a (~57% of precipitation) percolates into
the dump, ~43% of precipitation is lost through evapotranspiration or
groundwater discharge that is unaccounted for in the above estimates
(e.g. high K alluvial aquifer; bedrock ﬂow). The lower mean NP of the
natural watershed (~170 mm/a or 21% of precipitation) suggests that
~79% of precipitation is lost as evapotranspiration or to deep groundwater and does not report to the rock drain outlet. The evapotranspiration
rates measured by Fraser (2014) using the eddy covariance technique
for waste rock surfaces in the Elk Valley that were either bare (LCO),
reclaimed with grasses (LCO), or reclaimed with forest (FRO) cover
were 140, 272, and 305 mm, respectively, for the 2013 growing season
(May–September). If annual evapotranspiration in the natural watershed, which is 45% covered by forest and grasses, is assumed to be on
the high end of those measured by Fraser (2014) (e.g. 300 mm/a,
~ 38% of precipitation), that leaves ~ 320 mm/a (40%) of precipitation
unaccounted for and likely lost through groundwater discharge.
O'Kane Consultants Inc. (2014, 2015, 2016) estimated the mean NP
at three locations on the WLC dump for the 2013, 2014 and 2015
water years, based on water balance modelling of water content proﬁles. There estimates of NP for 2013, 2014, and 2015 were 797, 660
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and 558 mm, respectively. These values represent approximately 70–
80% of the precipitation at each site with most of the remainder lost
through evapotranspiration (mean 200, 207 and 243 mm, respectively).
The OKC values of NP are higher than estimates made in this study
based on the mean K of the alluvial aquifer (Table 2). The lower NP relative to precipitation calculated from the rock drain (57%) than the
dump surface (70–80%) likely reﬂects an under-estimate of the contribution of groundwater ﬂow to water yield. This discussion does not attempt to take into account any changes in water storage within the
dump (e.g. drain down or wetting up time lags). Given the coarse nature
of the dump, water content transients are assumed to be short lived relative to the long-term monitoring record being discussed.
In terms of the WLC watershed as a whole, the above NP estimates for
the dump and natural watershed equal a mean water yield of 242 ±
53 mm/a (range: 158 to 335 mm/s; 1999–2014). In the paired watershed
study between WLC and Dry Creek, Shatilla (2013) measured much
higher yield in terms of runoff volume per unit area at Dry Creek than
at WLC, with 663 mm reporting at Dry Creek compared to 182 mm
reporting at WLC for the same time period. The mean surface water
yield for the Elk Valley watersheds investigated for WFI in Section 3.2 is
500 mm/a (range: 401 to 630 mm/a). Line Creek, into which WLC
ﬂows, has a mean surface water yield of 488 mm/a. WLC is a small headwater catchment with a hanging valley and groundwater discharging directly from the alluvial aquifer to Line Creek below the conﬂuence of the
two creeks. Most of the other Elk Valley watersheds investigated are regional (area range: 84 to 4450 km2), monitoring discharge at the
mouth or along the main branch of a watercourse. These watersheds do
not exhibit the same geomorphology as WLC at the outlet (i.e. terraced
sediments) and, as such, the differences in water yield between WLC
and the other Elk Valley watersheds could be attributed to errors in estimating the contribution from groundwater discharge. The physical hydrogeology and geomorphology (i.e. hanging valley, small area) of the
WLC watershed, while not unique, is not reﬂected in the hydrometric records of larger watersheds and, as such, ﬂow records at other sites may be
more readily interpreted.
The estimates of groundwater yield by Szmigielski et al. (2017) used
the geometric mean K for the alluvial sediments and an estimated area
of the alluvial aquifer at only one cross-section. Increasing the K value by
one standard deviation about the geometric mean results in a mean
water yield estimate for WLC of 543 ± 66 mm/a (range: 428 to
647 mm/a), a difference of ~300 mm/a from the previous estimate. At
this higher K the mean NP estimate for the dump, assuming all baseﬂow
is efﬂuent, becomes 799 ± 60 mm/a (Table 2; range: 718 to 914 mm/a),
and the natural watershed mean NP becomes 457 ± 83 mm/a (Table 2;
range: 312 to 602 mm/a). Therefore, the differences between WLC and
other Elk Valley watersheds can reasonably be explained by greater estimates of the contribution from groundwater discharge. In addition to
possible higher K of the alluvial aquifer, it is also possible that the
upper portion of the bedrock is contributing to groundwater ﬂow. Isolated measurements by AMEC (2013) on the eastern ﬂank of the

Fig. 7. Yearly rate of net percolation (NP) for the waste rock and natural watershed, compared to total WLC precipitation (calculated using lapse rate for a mid-dump elevation of 1900 m
from Sparwood data).
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Table 2
Estimated NP for the WLC dump and natural watershed using the geometric mean K to calculate the groundwater contribution from the alluvia aquifer, and mean K plus 1 standard deviation. Also shown are the differences in NP for the dump and natural watershed as the proportion of baseﬂow apportioned to the dump is decreased to 75% and 50%, or is calculated using
a WFI ratio of 0.25 for the natural watershed. The mean NP of the dump obtained by O'Kane Consultants Inc. (OKC) in 2013, 2014 and 2015 are shown for comparison.

Geometric mean K of alluvial aquifer

Geometric mean K of alluvial aquifer + STDEV

All baseﬂow from dump efﬂuent
75% baseﬂow from dump efﬂuent
50% baseﬂow from dump efﬂuent
Baseﬂow apportioned using WFI ratio 0.25
All baseﬂow from dump efﬂuent
75% baseﬂow from dump efﬂuent
50% baseﬂow from dump efﬂuent
Baseﬂow apportioned using WFI ratio 0.25

OKC water balance model (2013, 2014, 2015)

WLC mean NP
(mm/a)

Natural watershed
mean NP (mm/a)

Watershed water
yield (mm/a)

446
346
246
306
799
699
599
659
797, 660, 558

172
207
242
221
457
491
526
505

242

543

watershed did note the presence of elevated K and downward gradients
in the fractured/weathered bedrock (Fig. 6G). Geological faults assumed
to be present at the base and along the western slopes of the WLC watershed (Grieve and Price, 1987) could also contribute to groundwater
ﬂow (AMEC, 2013).

variations in concentration of contaminants discharged to receiving surface water bodies.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.05.040.

4. Summary and conclusions
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Long-term monitoring of NO−
concentrations and
3 , Cl , and SO4
water discharge rates from a rock drain at the base of a coal waste
rock dump located in the WLC watershed, Elk Valley, British Columbia,
Canada were used to deﬁne the time-series release of the solutes and estimate NP rates at the dump scale. These data showed:
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• The mean WFI for the WLC watershed is twice the mean WFI for Line
Creek and other watersheds in the Elk River Valley. This observation is
attributed to the large (2.1 × 108 BCM) volume of waste rock stored in
the watershed that results in increased year-round baseﬂow.
2−
−
• The concentration of NO−
3 , Cl and SO4 in rock drain water was diluted by snowmelt waters from the adjacent natural watershed during the
spring freshet and reached maximum concentrations during the winter
baseﬂow period. During the winter baseﬂow period dump efﬂuent is
believed to be the dominant source of water to the rock drain.
−
2−
• Baseﬂow concentrations of NO−
were determined to
3 , Cl and SO4
have changed with time, initially increasing in relation with increasing
waste rock volume (although delayed). Subsequently, the concentra−
tions of NO−
3 and Cl decreased reﬂecting ﬂushing of the initial pore
volume whereas the concentrations of SO2−
continued to remain
4
high reﬂecting its ongoing production via sulﬁde oxidation.
• NP into the dump is higher than the natural watershed. The increased
NP is attributed to higher recharge to the un-vegetated surface of the
dump during spring and summer months as opposed to lesser recharge
through the vegetated natural watershed.
• Unaccounted volumes of waste rock efﬂuent through the downgradient
groundwater ﬂow system may result in water exiting the basin without
reporting to the rock drain outlet. This would result in higher estimates
of NP for the natural watershed and dump than obtained.
The results of this study show that, when available, long-term rock
drain discharge and water chemistry data can be used to characterize
solute releases and NP estimates from dumps. This method can be
used to differentiate the behavior of conservative solutes that decrease
in efﬂuent concentration as the initial pore volume is ﬂushed, from solutes that are produced through ongoing water-rock interactions and
may be a management concern over a longer time-frame. If groundwater contributions can be deﬁned, the NP estimates can also be of value to
water management practices and mine decommissioning. The results
also suggest that other mining impacted watersheds with large unvegetated waste rock dumps may have increased baseﬂow and dampened responses to spring freshet, as well as signiﬁcant seasonal
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